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Abstract
In this thesis, we report the investigation of advanced photonic devices for electromag-
netic transmission and biochemical sensing in the terahertz and optical regimes. The
choice of material for designing a terahertz device is deemed to be one of the most cru-
cial factors. First, we consider materials that are frequently used in making terahertz
devices. We experimentally demonstrate the optical, thermal, and chemical properties
of various chosen glasses, polymers, and resin to select the optimal material for tera-
hertz.
Second, we perform a broad review on terahertz optical fibres—this includes various
fibre categories, their guiding mechanisms, fabrication methodologies, possible exper-
imental methodologies, and applications.
Third, we analyse and demonstrate the design of various fibre structures for terahertz
transmission and sensing, and then perform experiments on a hollow core antiresonant
fibre. We demonstrate successful fabrication of an asymmetrical Zeonex fibre using a
novel fabrication method. This is carried out by using a tabletop horizontal extruder
designed for producing polymer filaments. The fabricated fibre is then experimentally
investigated for terahertz transmission and gas sensing.
Fourth, we study optical fibre based surface plasmon resonance biosensors for opera-
tion in the optical regime. Theoretical studies are undertaken to obtain the best possible
sensor in consideration of performance, experimental feasibility, and fabrication. One
of the optimized sensors is then fabricated as a possible candidate for possible real-
world sensing applications.
Finally, we study metasurface planar devices for achieving high sensitivity and quality
factor in the terahertz regime. We first demonstrate a tunable graphene metasurface
that can achieve multi-band absorption and high refractometric sensing. Later, we
demonstrate on an all-dielectric metasurface that reports highest Q-factor in the tera-
hertz regime. We fabricate and experiment on the dielectric metasurface and find good
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The following conventions have been adopted in this Thesis:
Typesetting
This thesis is typeset using the LATEX2e software. TEXnic Center is used as an effective
interface to LATEX.
Referencing
Harvard style is used for referencing and citation in this thesis.
Spelling
Australian English spelling is adopted, as defined by the Macquarie English Dictio-
nary Dictionary (1982).
System of units
The units comply with the international system of units recommended in an Aus-
tralian Standard: As ISO 1000–1998 (Standards Australia Committee ME/71, Quan-
tities, Units and Conversions 1998).
Physical constants
The physical constants comply with a recommendation by the Committee on Data for
Science and Technology: CODATA Mohr et al. (2008).
Frequency band definition
We will consider T-rays as lying in the 0.1–10 THz band as argued by Abbott and Zhang
(2007). T-rays have frequencies that correspond to the so-called terahertz-gap. Thus in
the field, when we refer to terahertz radiation this is an alternative term for T-rays.
In this context, the term terahertz radiation is understood as meaning radiation in the
terahertz-gap or T-rays and the word terahertz is not to be confused with the units of
terahertz that spans three decades from 1012 Hz. The visible light has a wavelength
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TERAHERTZ or T-ray radiation is situated between the electronics and photonicsdomains, or approximately between microwaves and the far-infrared, where mi-
crowaves lie around the present upper frequency limit of electronics, and far-infrared
marks the lower frequency limit of optics. Traditionally, it has been a largely unex-
plored region of the electromagnetic spectrum. The technology for this region is still
under development despite potential applications in spectroscopy, sensing, and com-
munication. The advent of terahertz time-domain spectroscopy (THz-TDS) paves the
way for further investigation and research on this frequency band. The optical regime
on the other hand is a well developed regime as compared to terahertz. This introduc-
tory chapter offers a brief description of T-rays and outlines the structure of the thesis,
the chapter contents, and the original contributions.
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1.1 Terahertz radiation or T-rays
1.1 Terahertz radiation or T-rays
In the electromagnetic spectrum, the terahertz frequency band is usually defined within
the range 0.1 THz to 10 THz (Sakai 2005, Abbott and Zhang 2007) although some re-
searchers prefer to narrow it down to 0.3–3.0 THz (Siegel 2002, Woolard et al. 2005).
A broad view of the electromagnetic spectrum and a schematic of its application ar-
eas is shown in Fig. 1.1(a), where an expanded view near the T-ray band is shown in
Fig. 1.1(b). As can be seen, Fig. 1.1(b) indicates the overlapping of the T-ray band with
the longer wavelength end of the EHF band, shorter wavelength end of the far infrared
(FIR) band. It indicates that the EHF band ends at around 300 GHz or 0.3 THz whereas
the T-ray band starts from 0.1 THz, and at the other end the FIR band starts from
1.0 THz whereas terahertz ends at 10 THz. The overlapping between two frequency
bands is not usual and a precedence already exists—for example there is overlap be-
tween the x-ray and gamma ray bands. Researchers in the field specify terahertz using
different units, however in this thesis we use THz as a spectral unit. The other forms
of expressing terahertz are as follows:
• Frequency: f = 0.1–10 THz
• Angular frequency: ω = 2π f = 0.628–62.8 rad/s
• Time: t = 1/ f = 0.1–10 ps
• Wavelength: λ = c/ f = 30 µm–3 mm
• Wavenumber: k̄ = 1/λ = 3.3–333 cm−1
• Photon energy: h f = h̄ω = 410 µeV–41 meV
where, c and h = 2πh̄ indicate the speed of light in free space and Planck’s constant
respectively.
Compared with other frequency ranges, the development of terahertz technology is
largely lagging behind mainly due to lack of available materials/devices for effectively
manipulating terahertz waves. The number of commercial products operating in the
terahertz range are negligible compared with the overwhelming number of products
in other frequency bands, such as microwaves and optics. However, terahertz waves
are potentially important for many applications with societal impact.
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Figure 1.1. Electromagnetic spectrum. (a) Broad-view of electromagnetic spectrum showing the
T-ray band and its neighboring electronics and photonics band. (b) Expanded view of
the neighborhood of the T-ray band, indicating the lower and upper ends of the T-ray
band overlaps the EHF and FIR bands, respectively. After Withayachumnankul (2009),
Woolard et al. (2005).
1.2 Application of T-rays
At terahertz frequencies electromagnetic radiation interacts strongly with systems that
have characteristic lifetimes in the picosecond range and/or energies in the meV range.
Examples of such systems include bound electrical charges (Cole et al. 2001), free charge
plasmas (Huber et al. 2001), strongly confined charge plasmas (Cooke et al. 2006), tran-
sient molecular dipoles (Beard et al. 2002), phonons in crystalline solids (Schall et al.
2001), hydrogen bonds in chemicals (Walther et al. 2003), intermolecular forces in liq-
uids (Ronne et al. 1997), and biological matter (Whitmire et al. 2003).
The T-ray frequency band has the potential for various significant applications in-
cluding but not limited to astronomy, security screening, biological and medical spec-
troscopy, non destructive evaluation, sensing, and communications (Zhao et al. 2019,
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He et al. 2016, Ma et al. 2018a, Deng et al. 2019, Xu and Lam 2010, Withayachum-
nankul et al. 2018, Islam et al. 2017a, Islam et al. 2018j, Islam et al. 2018f, O’Hara et al.
2019, Chen et al. 2018c, Islam et al. 2020d, Keshavarz and Vafapour 2019). Owing to
its penetration property through non-polar, dry, and nonmetallic materials such as
wood, ceramics, paper, plastics, and fabrics, T-rays have significant application in
the areas of surveillance imaging and quality control of products where contraband
items can be concealed beneath physical layers such as clothing or packing materials
(Federici et al. 2005, Tonouchi 2007). A number of studies have also shown the appli-
cation of the T-ray band for material characterization (Islam et al. 2019e, Islam et al.
2020b, Ferguson and Zhang 2002, Beard et al. 2001, Grischkowsky et al. 1990, Naf-
taly and Miles 2007, Shi et al. 2019, Anthony et al. 2011a, Bolivar et al. 2003, Cunning-
ham et al. 2011, Chang et al. 2017).
Moreover, various molecules, explosives, and drugs have spectral fingerprints, in the
T-ray band, which offer advantages for T-ray spectroscopy and sensing (Woolard et al.
2005, Shen et al. 2005, Leahy-Hoppa et al. 2007, Kemp 2011). Although water absorbs a
significant amount of T-ray energy and this is considered as one of the main limitations
for terahertz applications, T-rays are suitable for sensing the hydration level in biolog-
ical tissue—of great interest in the detection of skin cancer (Pickwell et al. 2004, Wood-
ward et al. 2002). The strong absorption of T-rays by water molecules makes it suitable
for sensing the hydration level in biological tissue. Moreover, the non-ionizing and
non-invasive nature T-rays lend their applicability to medical and dental diagnostics
that pose minimal or no health risk for human imaging when applied at low power
levels (Han et al. 2000, Löffler et al. 2001, Mittleman et al. 1997, Smye et al. 2001).
T-ray characteristics are also desirable for various short-range communication systems
mostly with large bandwidth—this has become feasible via significant recent develop-
ment of high power T-ray sources (Hirata et al. 2006, Hirata et al. 2009, Koenig et al.
2013).
In Section 1.3, the structure of the thesis and the content of each chapter are summa-
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Figure 1.2. Thesis outline. The thesis is composed of nine chapters where the original contributions
are from chapter 2 to chapter 8. Chapter 9 provides an overall summary and future
direction of the thesis.
1.3 Thesis outline
As outlined in Fig. 1.2, the thesis encompasses nine chapters. The original contribu-
tions of this thesis are provided in Chapters 2 to 8. The fundamentals necessary for
understanding the main idea of each chapter are provided in the respective chapters.
In Chapter 9 the summary of the thesis, the aim of each chapter, the methodology,
the results, and the future directions are presented. The detailed description for each
chapter of the thesis is as follows:
Chapter 1: Introduction provides a detail overview of terahertz spectrum and its ap-
plications, the structure of the thesis, a detailed discussion of the original contribution,
and motivation of the work in this thesis are outlined.
Chapter 2: Experimental analysis of glasses and polymers: materials for terahertz.
The thesis is mostly based on using different materials to make various advanced ter-
ahertz devices. Therefore from the outset, we choose to characterize various polymers
and glasses useful for terahertz applications. The optical properties are characterized
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by THz-TDS while the thermal and chemical dependencies are also studied to iden-
tify the thermal and chemical stability of those materials. Based on the results of the
optical, thermal, and chemical analysis the optimal materials to be used for terahertz
technology are determined and discussed in this chapter.
Chapter 3: Terahertz optical fibre provides a brief review of the guiding mechanisms,
the fabrication methodologies, the characterization methods, and the applications of
terahertz waveguides. Various optical fibre types such as tube fibres, solid core fibre,
hollow-core photonic bandgap, antiresonant fibres, porous-core fibres, metamaterial-
based fibres, and their guiding mechanisms are studied in this chapter. The past and
present trends in fabrication methods, including drilling, stacking, extrusion, and 3D
printing, are elaborated. Fibre characterization methods including different optics for
terahertz time-domain spectroscopy (THz-TDS) setups are reviewed and application
areas including short-distance data transmission, imaging, sensing, and spectroscopy
are discussed.
Chapter 4: Terahertz waveguide: concept and modelling. In this chapter various cat-
egories of terahertz fibre are designed, simulated, and analyzed to get an optimal fibre
for terahertz guidance and sensing. Transmission properties such as effective material
loss, core power fraction, confinement loss, effective area, birefringence, and disper-
sion are analyzed to choose optimal fibres for transmission and polarization preserv-
ing applications.
Chapter 5: Tabletop fabrication for terahertz specialty optical fibre sensor. In this
chapter a hollow-hexagonal photonic crystal fibre is studied for transmission and gas
sensing. The fibre design and simulation are carried out using COMSOL multiphysics
software. Analytical analysis is carried out to validate the simulation result. An effi-
cient, simple, and cost-effective method of fabricating asymmetric complex polymer
fibres are used to fabricate the fibre. The experimental analysis of the fibre is also car-
ried out using the TAS7400TS Advantest terahertz system. A promising result is found
for short distance low loss data transmission and environmental gas sensing.
Chapter 6: Surface plasmon resonance biosensor. This chapter includes the study
of surface plasmon and localized surface plasmon based fibre sensors in the optical
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(visible to mid-IR) regime. Novel plasmonic sensors are designed and simulated us-
ing COMSOL multiphysics simulation software. One of the optimized fibre is then
fabricated and coated by gold and graphene to be used for practical bio-sensing appli-
cations.
Chapter 7: Electrically tuneable graphene metasurface. The previous chapters are all
based on transmission and sensing using optical fibre, while in this chapter a plas-
monic metasurface is demonstrated for multi-band super-absorption and terahertz
sensing. The design and simulation of the graphene metasurface is carried out using
Finite Element Method (FEM) based software, CST microwave studio where a genetic
algorithm (GA) is used to optimize the geometric parameters, and metasurface tunabil-
ity is achieved via an external gate voltage on the graphene. This graphene absorber
shows promising sensing capability with high linearity.
Chapter 8: Bound states in the continuum for guided terahertz plasmons. In this
chapter, two different asymmetrical all-dielectric high-Q terahertz metasurface is stud-
ied that demonstrates high quality factor, remarkably narrow full width at half maxima
(FWHM), high sensitivity, and high figure of merit (FOM). One of the high-Q metasur-
faces is fabricated, and experimental validation is carried out using THz-TDS.
Chapter 9: Conclusion and future work. In this chapter we summarise the major out-
comes, and the author’s main contribution. It also contains a recommendations for
future possible studies.
The appendices at the end provide supporting information and technical details. Ap-
pendix A describes the experiment set-ups used to characterize optical fibres and meta-
surfaces. Appendix B provides the step-by-step simulation procedure using COMSOL
multiphysics simulation software. Appendix C includes data processing algorithms. It
contains MATLAB codes to extract the frequency-dependent dielectric parameters, re-
fractive index and absorption coefficient, of bulk material and fibre from the THz-TDS
measurements. Appendix C also includes the algorithm for obtaining the plasma and
collision frequency in graphene and black phosphorus.
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1.4 Summary of original contribution
The thesis contains multidisciplinary studies and involves several original contribu-
tions in the field of fibre-based terahertz transmission and sensing, sensing in the op-
tical regime, material characterization, graphene metasurfaces, and all-dielectric meta-
surfaces.
Spectroscopic analysis of various glasses and polymers that are most commonly used
for terahertz devices is performed. The polymer pellets are obtained from Zeon cor-
poration, Japan, to make circular disks of Zeonex, and Topas. The Teflon, PMMA,
HDPE, silica, and BK7 are from IPAS, Adelaide, and the UV-resin from the University
of Campinas, Brazil. For all the samples we carry out surface polishing using sili-
con carbide (SiC) sandpaper of different grit sizes, performing final polishing using
a water-based diamond suspension. The spectroscopic analysis of all the materials is
carried out using terahertz time-domain spectroscopy (THz-TDS). These give the re-
fractive index, permittivity, loss tangent, absorption coefficient, and transmittance of
the measured samples. We find that polymers show improved performance in consid-
eration of loss and transmittance at terahertz. Further, we carry out stability analysis
of the materials in the thermal and chemical environments. We use a thermal analyzer,
TA Instruments (Q-500, Tokyo, Japan), to carry out the thermogravimetric analysis.
Besides, we carry out the chemical stability testing of the low loss materials. We use
a mechanical shaker and expose the materials to a highly acidic, saline, and basic so-
lution. From all of these analyses, we determine that the Topas and Zeonex are best
suited for terahertz applications. The content of this chapter is published in 45th In-
ternational Conference on Infrared, Millimeter, and Terahertz Waves (45th IRMMW-THz)
(Islam et al. 2019e) and at IEEE Access (Islam et al. 2020b).
This thesis also demonstrates the design, simulation, fabrication, and experiment of
terahertz optical fibre for terahertz transmission and sensing. We propose novel low
loss and highly birefringent terahertz waveguides and published related articles in the
IEEE Sensors Journal (Islam et al. 2017a, Islam et al. 2018j), Applied Optics (Islam et al.
2018d), Optical Materials (Islam et al. 2018h), and in Optics Communications (Islam et al.
2018f). In this thesis we use either kagome cladding with an asymmetric core created
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by placing asymmetric rectangular air holes (Islam et al. 2017a), asymmetric hollow-
core created by rectangular tubes (Islam et al. 2018j), or asymmetrical core created by
elliptical air holes (Islam et al. 2018h). We design a hollow-core antiresonant waveg-
uide, fabricated by a novel tabletop simple fabrication method. The fabrication steps
consist of metal printing of the preform and then use of a horizontal extruder to fab-
ricate the fibre structure. Note that using this fabrication method any type of fibre
structure can be fabricated. To our knowledge, this is the first terahertz fibre fabrica-
tion using the method. Four different dimensions of the fibre are fabricated and the
experiments are carried out in the ARC National T-ray Facility lab of the University of
Adelaide. We also use the fibre for gas sensing. The simulation, analytical and exper-
imental results show close agreement. The manuscript is submitted for publication at
Advanced Photonics Research (Islam et al. 2021).
Besides working on terahertz transmission and sensing, we also work on making op-
tical fibre-based sensors that operate in the optical (visible to mid-infrared) regime.
Due to the plasmonic effect created by metal coating on the fibre surface we create sur-
face plasmon and localized surface plasmon resonance based sensors for biochemical
and analyte detection. The content of these studies are published at the 43rd IRMMW-
THz 2018 conference (Islam et al. 2018e), Optics Express (Islam et al. 2018i), IEEE Access
(Islam et al. 2019b), Optics Letter (Islam et al. 2019d), JOSA B (Islam et al. 2019c), and
IEEE Sensors Journal (Mollah and Islam 2020). Considering the fabrication feasibility,
the studies (Islam et al. 2018e, Islam et al. 2018i, Islam et al. 2019b, Islam et al. 2019d, Is-
lam et al. 2019c, Mollah and Islam 2020).
Besides demonstrating the development of fibre-based optical devices, this thesis also
shows our work on advanced metasurface based terahertz devices. In the first in-
stance, we propose a graphene-based tunable multiband super-absorber. We design
a multilayered graphene-based absorber that can consecutively achieve multiple ab-
sorption bands. The absorption frequencies are tunable by graphene chemical poten-
tial. Changing the graphene chemical potential changes the operating frequency. We
further show that the proposed tunable metasurface is applicable for terahertz sens-
ing. The content of this work is published at the IRMMW-THz-2019 conference and
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Carbon (Islam et al. 2019f, Islam et al. 2020d).
Moreover we design a Bound States in the Continuum (BIC) enabled all-dielectric
terahertz metasurface for achieving high Q-factor and Figure of Merit (FOM) based
device in the terahertz frequency range. The designed metasurface results in signif-
icantly improved performance as compared to the metasurfaces reported in the lit-
erature. The content of this work is published at the IRMMW-THz-2020 conference
(Islam et al. 2020c) and further extended version is submitted for publication in a jour-
nal. Note that, both studies are designed and simulated using the CST microwave
studio suite software where parametric optimization is carried out using a genetic al-
gorithm. A further all-dielectric metasurface is fabricated in collaboration with RMIT,
and then tested using THz-TDS, where the experimental outcome shows close agree-
ment with the simulation result. This experimental study is in preparation for further
submission to a journal.
In the next chapter we show the experimental analysis of various materials including
glasses, polymers, and resin to find out the optimal material for terahertz application.
The optical, thermal, and chemical analysis of the materials are carried out and follow-
ing standard signal processing technique the refractive index, permittivity, absorption








THE optical properties of polymers and glasses useful for terahertz applicationsare experimentally characterized using terahertz time-domain spectroscopy (THz-
TDS). A standard system setup utilizing transmission spectroscopy is used to measure
different optical properties of materials including refractive index, relative permittiv-
ity, loss tangent, absorption coefficient, and transmittance. The thermal and chemical
dependencies of materials are also studied to identify the appropriate materials for
given terahertz applications. The selected materials can then be utilized for applica-
tions such as in waveguides, filters, lenses, polarization preserving devices, metama-





The terahertz spectrum (0.1–10 THz) is considered as one of the least explored seg-
ments in the electromagnetic spectrum due to the lack of powerful terahertz sources
and efficient detectors. However, the recent technological advancements in optics and
electronics, advances in terahertz systems utilizing mode-locked femtosecond fibre
lasers, together with advances in emitters and receivers, have led to progress in this
field (Ferguson and Zhang 2002). The use of terahertz transmission mode has a num-
ber of significant applications spectroscopy (Zhao et al. 2019), lenses (He et al. 2016),
security (Ma et al. 2018a), bio-imaging (Xu and Lam 2010), photonic crystals for com-
munication and sensing (Withayachumnankul et al. 2018, Islam et al. 2017a, Islam et al.
2018f), high bandwidth communications (O’Hara et al. 2019) and biological sensing
(Chen et al. 2018c, Islam et al. 2020d, Keshavarz and Vafapour 2019). One of the emerg-
ing applications of terahertz spectroscopy is to characterize the optical properties of a
wide variety of materials such as semiconductors, ceramics, chemical mixtures, gases,
lubricating oils, glasses and polymers (Ferguson and Zhang 2002, Beard et al. 2001).
There are particular advantages of using terahertz for material characterization. First,
terahertz spectroscopy typically covers a very wide bandwidth and a large number of
materials have spectral fingerprints within this frequency range.
Second, terahertz spatial resolution is higher than microwaves because of its shorter
wavelength, and finally, many dry non-polar materials are transparent to terahertz,
making in situ characterization through packaging materials an attractive possibility
(Bolivar et al. 2003).
Many materials were previously studied using far-infrared Fourier Transform Spec-
troscopy (FTS) where continuous wave (CW) non-coherent sources were used instead
of the picosecond pulsed coherent sources in THz-TDS. There are a number of impor-
tant aspects where THz-TDS differs from FTS that lends THz-TDS some significant
advantages. The measurements typically carried out with THz-TDS utilize a pump-
probe configuration, where amplitude and phase are acquired simultaneously. The
pump-probe detection scheme also has improved signal to noise ratio (up to 60 dB or
106 in power) compared to about 300 typically obtained using FTS (Bolivar et al. 2003).
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Figure 2.1. Methodologies of preparing smoothed surfaced Zeonex samples. (i) prepared
using a 3D printer where the surface is rough containing ridges that potentially scatter
the time domain signal, (ii) made using furnace at a temperature of 200◦C for 24 hours,
containing air bubbles, (iii) transparent sample without air bubbles inside, furnaced at
200◦C for 48 hours and polished with silicon carbide (SiC) sandpaper of different grit
sizes. The d and t in the figure indicate the diameter and thickness of the samples which
are 10mm×10mm for (i), 10mm×12mm for (ii), and 10mm×3mm for (iii), Islam et al.
(2020b).
Note that for material characterization, the absorption coefficient and refractive index
are directly related to the transmitted signal amplitude and phase that are readily ob-
tained using THz-TDS whereas FTS is only able to provide a field intensity measure-
ment that can only provide the absorption coefficient, and refractive index can only be
obtained indirectly by resorting to the Kramers-Kronig relation with reduced accuracy.
Moreover, the high dynamic range of THz-TDS allows transmission studies of highly
absorptive materials.
Measurement using THz-TDS falls into two distinct categories, one is to identify or
differentiate substances contained in a material, and another is to characterize the
optical and dielectric properties of materials. In 1990, a study on different highly
resistive dielectrics and semiconductors including sapphire, quartz, silicon, germa-
nium, gallium arsenide, etc. were carried out using far infrared, time-domain spec-
troscopy (Grischkowsky et al. 1990). The refractive index and power absorption coeffi-
cients were measured within the frequency range of 0.2 to 2.0 THz.
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Anthony et al. (2011a) performed an analysis on Zeonex based microstructured fibre
where the reported refractive index and absorption coefficients are 1.519 and 0.19 cm−1
respectively. Naftaly and Miles (2007) carried out a study on polymers, oils and glasses.
However, they did not consider some important terahertz materials such as Zeonex,
Topas, Teflon, PMMA, Duran and UV-resins, that are now commonly employed in
various terahertz applications. In their analysis, Naftaly et al. showed that PMMA and
HDPE achieve a refractive index of 1.61 and 1.54, where the reported absorption coef-
ficients of these materials are 7.5 and 0.225 cm−1, respectively.
Recently, Shi et al. (2019) performed an optical and electrical characterization on PMMA
for the application of broadband absorbers. In 2012, an experiment on different poly-
mer materials was also carried out (Fedulova et al. 2012), where a refractive index of
1.61, and 1.54 for PMMA and HDPE having corresponding absorption coefficients of
7.5, and 0.225 cm−1 respectively were obtained. Using transmission spectroscopy and
S-parameters, Chang et al. also carried out studies on polymers at low (0.75–1.6 THz)
frequencies. Cunningham et al. (2011) also studied various polymers, however, they
did not consider Zeonex, UV-resin nor any of the glasses. In a 2014 spectroscopic
study of common polymers, the authors did not consider some important terahertz
materials such as Zeonex and HDPE (D’Angelo et al. 2014). Moreover, they did not
consider glasses for characterization. Recently, in 2018, Pickwell-MacPherson’s group
carried out research on transparent, highly absorptive and conductive samples. In
that work, they developed a fibre-based terahertz ellipsometer that provides excellent
robustness on samples with different properties. Recently, a fundamental study of
THz-TDS measurements were carried out, however the authors did not present spe-
cific samples for study (Withayachumnankul and Naftaly 2014, Jepsen 2019). More
importantly none of the above referenced articles (Naftaly and Miles 2007, Cunning-
ham et al. 2011, D’Angelo et al. 2014, Withayachumnankul and Naftaly 2014, Jepsen
2019) consider the analysis of the thermal and chemical properties of materials.
Considering the importance of characterizing the optical, thermal and chemical prop-
erties of polymers, glasses and UV-resins, in this thesis we introduce a combined char-
acterization approach aimed at assisting the selection of the most appropriate materials
for various terahertz applications. A comprehensive range of characterization meth-
ods is selected to provide the thermal range, chemical stability, absorption coefficients,
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Figure 2.2. Experimental setup. (a) Schematic of experimental set-up of the enclosed THz-TDS
system with a purge box filled with nitrogen, two parabolic mirrors creating a parallel
beam where a sample holder is used to hold the sample, the reference signal is obtained
by removing the samples whereas the sampled signal is obtained when a sample is in
place as shown in the photograph, (b) the actual set-up Islam et al. (2020b).
transparency and loss properties for this purpose. The methods used for characteri-
zation are presented in the experimental section showing the experimental set-up and
theoretical aspects of the required calculation. Finally, an overall performance analysis
is carried out, together with a concise summary of material properties in the conclu-
sion.
The studied glasses and polymers in this manuscript are commonly used for making
different terahertz devices including waveguides (Islam et al. 2017d, Islam et al. 2016a),
sensors, filters (Li et al. 2018a, Pavanello et al. 2013), lenses, metamaterials (He 2015)
and metasurfaces (Ako et al. 2020, Islam et al. 2020d) for different applications in the
terahertz frequency range. Some UV-resins for example can be used in stereolithog-
raphy (SLA) 3D printers making them an interesting material for building terahertz
waveguides (Argyros 2013, Cruz et al. 2018).
2.2 Sample preparation
Samples of Topas 5013 L-10 and Zeonex 480R are prepared from raw pellets. Initially,
filaments of those materials are made using a Filabot EX2 filament Extruder and used
for 3D printing of the samples. Fused Deposition Modelling (FDM) for 3D printing
technology with high printing resolution is used to fabricate the samples, however,
the outcomes are not satisfactory as there are numerous ridges on the surface, see
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Fig. 2.1(i), which potentially scatter the terahertz beam. Moreover, the fabricated sam-
ples are not optically transparent, with almost zero transmission measured using THz-
TDS due to numerous air voids.
In the second trial we put the pellets inside a metal holder placed into a furnace
at 200◦C. After 24 hours, the small voids coalesce into larger air bubbles, shown in
Fig. 2.1(ii). The air bubbles in the sample also scatter the terahertz beam and are there-
fore also unsuitable for material characterization. We further place the samples inside
the furnace for another 24 hours, which removes all of the air bubbles. The samples are
then cooled down and removed from the holder, and then cut and polished to make
both the surfaces flat, smooth and parallel.
The polishing is graded using progressively finer silicon carbide (SiC) sandpaper, of
grit sizes 120, 240, 320, 400, 800, 1200 and 2500 µm respectively. The samples are then
given a final polish and smoothed using water based diamond suspension of 3 µm
particle size. The polished and smoothed sample is shown in Fig. 2.1(iii). The sample of
UV-resin is made using Stereolithography (SLA) 3D printing technology and polished
before the experiment. Note that all other samples are cut and polished using the same
procedure and all the measured samples have similar thickness of around 3 mm. Note
that, the pellets of Topas and Zeonex are obtained from Zeon corporation, Japan. The
UV-resin is prepared in Brazil, the sample of Teflon, PMMA, and HDPE are provided
by the National T-ray facility lab, University of Adelaide. All the glass samples are
supplied by the Institute for Photonics and Advanced Sensing (IPAS), University of
Adelaide, Australia.
2.3 Experimental setup
The experimental setup and schematic are shown in Fig. 2.2 (a) and Fig. 2.2 (b). This
uses a dual-channel ultrashort pulse laser, Advantest TAS7400TS, with a pulse width
of ≤ 50 fs (using 1.5m fibre), employing a simple configuration for fibre-coupled,
free space terahertz generation and detection. The laser center wavelength, output
power, and repetition rate is 1550 nm, ≥ 20 mW, and 50 MHz respectively. In a phase
modulated measurement method, the system time resolution is 2 fs, frequency reso-
lution 1.9 GHz, scan range 524 ps, throughput 200 ms/scan and frequency accuracy
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Figure 2.3. Effect of nitrogen, signal averaging and phase unwrapping. (a) Time-domain am-
plitude (a.u) and (b) power (dB), with and without dry nitrogen environment and signal
averaging in the time domain. The red lines in the figures indicate signal without a ni-
trogen environment and averaging, whereas green lines indicate signal with nitrogen
environment and averaging, Islam et al. (2020b).
is ±10 GHz. The phase modulation measurement method relies on the difference in
phase (arrival time) due to changes in wave path. The mechanical strain or thermal
expansion of samples changes the optical path length and therefore cause changes in
phase. This phases of reference and sample are then required to obtain the optical
properties of the sample. The terahertz receiver Advantest model TAS1230 is fabri-
cated with a photo-conductive antenna coupled to a hyper-hemispherical silicon lens
in a fibre pigtailed compact housing.
The transmitter utilizes the Cherenkov (Auston et al. 1984) effect where the femtosec-
ond optical pulse propagates through an electro-optic crystal with a second-order non-
linearity. The Advantest model TAS1130 transmitter with a lithium niobate crystal
waveguide has a bandwidth of 0.5 to 7 THz (Advantest 2021). Two off-axis gold-coated
parabolic mirrors (Edmund optics) with an effective focal length of 150 mm are used to
create a parallel collimated beam for spectroscopy. To ensure the beam passing through
the sample, we insert an iris of diameter less than the sample diameter. The reason for
this standard setup is to obtain more averaged data from the measurements. In con-
sideration to sample dimension, different types of sample holders were utilized to con-
strain the measurement to the sample and ensure consistent results. The system was
enclosed with a custom made purge box and the performance with and without dry
nitrogen are shown in Fig. 2.3 (a-b). It can be seen that without nitrogen and averaging
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Figure 2.4. Phase angle and refractive index. (i) The phase of the transfer function, obtained
from the measurement of a Zeonex sample, is unwrapped with and without phase
extrapolation. (ii) The index of refraction is determined by using the phases in (i). The
reported value of the RI of Zeonex at terahertz frequencies is around 1.529, Islam et al.
(2020b).
(red) the terahertz amplitude, Fig. 2.3 (a), is comparatively reduced than in nitrogen en-
vironment and signal averaging (green). Moreover, for the spectrum, Fig. 2.3 (b), sharp
water vapour lines are experienced, which is reduced in the nitrogen environment.
2.4 Signal averaging and phase unwrapping
The post-processing of THz-TDS data is followed by signal averaging and phase un-
wrapping. Random noise in measurements can be reduced by repeated multiple mea-
surements. Signal averaging in the time domain, increases the signal strength rela-
tive to noise. Therefore, by averaging a set of replicated measurements, the signal to
noise ratio (SNR) increases as a function of the square root of the number of ensem-
bles (Withayachumnankul and Naftaly 2014). In our case, we repeat the measurement
having 2048 number of sample scanning. The result is depicted in Fig. 2.3 (a) and
Fig. 2.3 (b) where signal amplitude and power are shown with signal averaging.
Phase unwrapping is a vital step for correct characterization of the optical constants of
samples. The phase spectrum can be obtained from the transfer function that wraps
around with an abrupt jump from -π to π. This indicates that whenever the absolute
Page 18
Chapter 2 Experimental study on glass and polymers: materials for terahertz
Figure 2.5. Spectral response and transmittance’s of the measured polymers and glasses. (a)
The received power spectrum of reference (background), Zeonex, Topas, HDPE, Teflon,
Silica, PMMA, BK7, Duran, and UV-resin, (b) The terahertz transmittance’s of the
same materials, Islam et al. (2020b).
value of the phase is greater than π, it will jump by 2π. Phase jumps create discontinu-
ity artifacts in the phase spectrum, leading to the incorrect characterization of optical
properties. Phase unwrapping solves the phase wrapping problem. We choose a phase
unwrap threshold of π and start unwrapping from 0.1 THz because at lower frequen-
cies, errors in phase unwrapping can occur due to noise (Withayachumnankul and
Naftaly 2014, Jepsen 2019).
The difference of phase of a transfer function obtained from a Zeonex sample by means
of phase unwrapping and without phase unwrapping is shown in Fig. 2.4(i). This in-
dicates that the phase extrapolation reduces phase jumps, making it suitable for cor-
rect sample characterization, even at very low frequencies. A complication of perfect
phase unwrapping occurs at low and high frequencies where the noise plagues the
amplitude and phase data, resulting in false unwrapping. Starting from noisy low
frequencies, phase unwrapping causes error to propagate towards the phase at high
frequencies. As a solution, an adaptive unwrapping procedure is followed that dis-
cards the phase at low frequencies. The missing phase profile at low frequencies is
then extrapolated from high frequency unwrapped phases (Withayachumnankul and
Naftaly 2014). With phase unwrapped, the refractive index of Zeonex is characterized,
as shown in Fig. 2.4(ii). This illustrates the large error in the refractive index without
unwrapping, while phase extrapolated by 180◦ corrects the refractive index measure-
ment of Zeonex to the expected correct value of 1.529.
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2.5 Mathematical expressions to extract optical proper-
ties from THz-TDS data
The received power spectrum, transmittance, absorption coefficient, phase shift, re-
fractive index, dielectric loss and permittivity are calculated using the following ex-
pressions (Advantest 2021)
Plinear(ω) =| F̃(ω) |2 (2.1)
where Plinear(ω) indicates power spectrum, | F̃(ω) |=
√
Re(F̃(ω))2 + Im(F̃(ω))2 rep-
resents the FFT complex data and magnitude respectively. Now, the linear transmit-





where Tlinear(ω) indicates the transmittance, and Pref(ω) and Psam(ω) represents the
reference and sample power spectrum.





where, αω represents the absorption coefficient [m−1], k(ω) represents the extinction
coefficient, ω represents the angular frequency, [rad/10−12s], and c represents the
speed of light, [m/s].
The phase shift between the sampled and referenced signal can be denoted by,
φ(ω) = θsam(ω)− θref(ω) (2.4)
where φ(ω), [rad], represents the phase shifts, θsam(ω) and θref(ω) represents the sam-
ple and reference phases respectively (Withayachumnankul and Naftaly 2014).
Furthermore, the refractive index n(ω) and extinction coefficient k(ω) of a sample can
be represented as,
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Now, the refractive index n(ω) and extinction coefficient k(ω) of a sample can be rep-
resented as,
k(ω) = − c
2dω
ln





where n(ω) and k(ω) represent the refractive index and the extinction coefficients re-
spectively, t̃sa(ω) = t̃as(ω) =
2
ñ(ω) + 1




the sample thickness, ñ(ω) = n(ω)− ik(ω) indicates the complex index of refraction,
arg[·] = tan−1(y/x) denotes the deflection angle, m indicates the number of multiple
reflections. The deflection angle term can be neglected for thicker samples and there-
fore we use a simplified form of Eqn. 2.5 to obtain the refractive indices, Eqn. 2.7.
In simplified form, neglecting the deflection angle, the refractive index and extinction
coefficient can be written as (Naftaly and Miles 2007, Withayachumnankul and Naftaly
2014)

















Using the refractive index, the permittivity and the dielectric loss tangent can then be
calculated by,
ε1(ω) = n(ω)2 − k(ω)2 (2.9)
ε2(ω) = 2n(ω)k(ω) (2.10)
where ε1(ω) and ε2(ω) represents the permittivity and dielectric loss tangent respec-
tively, (Advantest 2021).
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Figure 2.6. Measured refractive index and dielectric constants of the materials. (Refractive
indices (i–ii), and dielectric constants (iii–iv) of the measured polymers and glasses,
Islam et al. (2020b).
2.6 Dielectric and optical properties of measured samples
At terahertz frequencies, the dielectric and optical properties including the refractive
index, dielectric constant, bandwidth, absorption coefficient, dielectric loss, and trans-
mittance of the samples is illustrated and discussed in this section. The measured tera-
hertz power (dB) passing through various samples is shown in Fig. 2.5 (a). The system
is purged and the measurements are carried out in a nitrogen environment. As com-
pared to Fig. 2.3 (b) (without nitrogen), we see that the water vapour peaks are signifi-
cantly reduced in nitrogen environment, Fig. 2.5 (a). We see that a similar transmission
bandwidth is obtained for Zeonex, Topas, HDPE, and Teflon where a comparatively
lower transmission bandwidth is achieved for PMMA. From the glasses, the FS-300
silica shows better power transmission over other measured glasses such as BK7 and
Duran. The FS-300 silica, BK7, and Duran achieve a transmission bandwidth of around
2.5 THz, 0.75 THz, and 1.1 THz respectively, while the UV-resin exhibits the narrowest
power transmission bandwidth of all polymers at around 0.9 THz. Fig. 2.5 (a) illus-
trates the water vapour peaks from the measurement environment and the nature of
the samples itself that can be reduced by flushing the measurement system with dry
nitrogen, and storing the samples in a dry environment.
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Figure 2.7. Absoption coefficient and dielectric loss of the measured samples. (i-ii) Ab-
sorption coefficients, and (iii-iv) dielectric loss tangents of the measured polymers and
glasses showing low absorption coefficients for the polymers than the glasses and UV-
resin, Islam et al. (2020b).
The transmittance of the materials is calculated using Eqn. 2.2 and illustrated in Fig. 2.5
(b), showing the low terahertz transmittance for BK7, UV-resin, Duran and silica, and
better transmittances for Zeonex, Topas, Teflon, and HDPE. Therefore, a high-frequency
application that requires high transparency, should utilize the Zeonex, Topas, HDPE
and Teflon materials wherever their mechanical and thermal properties may allow this.
Using the time delays of measured samples, the associated phases are extracted. This
data, together with the phases and extinction coefficients, enables the calculation of
refractive indices and relative permittivities, as illustrated in Fig. 2.6 (i-ii) and Fig. 2.6
(iii-iv). The average refractive index of the measured Zeonex, Topas, HDPE, PMMA,
Teflon, silica, BK7, Duran, and resin are 1.529, 1.531, 1.535, 1.584, 1.466, 1.943, 2.46, 2.06,
and 1.69 respectively. The relative permittivities has a square relation with the refrac-
tive index. The measured properties are compared with the literature (Beard et al. 2001,
Naftaly and Miles 2007, Bolivar et al. 2003, Cunningham et al. 2011), shown in Tab. 2.1,
which are perfectly matched.
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Sample n n (Published) Relative permittivities tanδ α (cm−1) α (cm−1) published
Zeonex 1.529 1.519 2.34 0.006 0.184 0.19
Topas 1.531 1.53 2.343 0.007 0.20 0.15, 0.25
PMMA 1.584 1.61, 1.57 2.50 0.10 4.40 7.5, 9.25
HDPE 1.535 1.54, 1.36 2.36 0.005 0.22 0.225, 1.66
Teflon 1.466 1.45, 1.42 2.15 0.008 0.26 0.25, 0.6
TPX - 1.455 2.11 - - 0.4
PP - 1.48 2.19 - - 0.29
Silica 1.943 1.96 3.78 0.045 1.98 3.5, 3.8
BK7 2.46 2.52 6.05 0.21 11 15
Duran 2.06 − 4.05 0.25 15 –
UV-resin 1.69 − 2.86 0.15 16 –
Table 2.1. Optical properties of selected materials. Comparative study of refractive indices, rel-
ative permittivities, loss tangents, and absorption coefficients of the measured samples
with the literature. After, Anthony et al. (2011a), Fedulova et al. (2012), Cunning-
ham et al. (2011), Naftaly and Miles (2007), Podzorov and Gallot (2008), Kitai et al.
(2017), Sanjuan and Tocho (2012).
The absorption coefficients and dielectric loss tangents of the measured samples are
illustrated in Fig. 2.7 (i–ii) and Fig. 2.7 (iii–iv). These are higher for all the glasses,
PMMA and UV-resin than for Zeonex, Topas, HDPE, and Teflon. However, Fig. 2.7
also illustrate that the absorption coefficient and loss tangent for HDPE and Teflon are
relatively higher at high frequencies than Zeonex and Topas. The obtained average
absorption coefficients and loss tangents are summarized in Tab. 2.1 and compared
with the literature. Note that Topas and Zeonex show almost similar properties all
over the frequency of interests. The unwanted peaks in the absorption spectrum are
due to the remained water vapour present during measurements.
In Tab. 2.1 we combine the properties including refractive indices, relative permittiv-
ities, loss tangents and absorption coefficients of the measured glasses and polymers.
These properties are then compared with the literature and it can be seen that they are
in good agreement.
In addition to searching for the low loss materials from the studied glasses and poly-
mers, it is also necessary to characterize their thermal and chemical stability. Therefore
besides the optical properties, we also determine the thermal and chemical properties
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Figure 2.8. Chemical stability analysis. Chemical stability testing of Topas, Zeonex, HDPE and
Teflon over acidic, salinic, and basic environments, Islam et al. (2020b).
of the low loss polymers to determine suitable materials that are applicable for harsh
and hostile environments.
2.7 Chemical and thermal stability of polymers
To measure the chemical stability, as in Fig. 2.8, 0.5 g of each material was exposed to
10 ml of highly acidic (low pH) H2SO4 (10 M) solution, saline NaCl (3.5 M) solution,
and basic (high pH) NaOH (10 M) solution (here, M indicates molar concentration).
These solutions were agitated by a mechanical shaker at 200 rpm for 24 hrs to observe
any effect of a chemical attack on the materials. No physical changes were observed in
the first 24 hrs, thus the agitation was continued for another round of 24 hrs. Finally,
the materials were taken out and dried at room temperature followed by a mass mea-
surement. No significant mass change (±1.5%) was found for any of these four ma-
terials and this demonstrates the extreme chemical stability of these materials against
acidic and saline environments.
In order to characterize the thermal stability of the selected materials (Topas, Zeonex,
HDPE, Teflon), the thermogravimetric (TG) and derivative thermogravimetric (DTG)
analysis were carried out using non-isothermal thermogravimetric analysis setup, TA
Instruments (Q-500, Tokyo, Japan). The thermal analyser was temperature calibrated
between experiments using the Curie point of nickel as a reference. The experiment
was performed under a nitrogen environment at a purge rate of 60 ml/min. For each
polymer, samples of approximately 40 mg was heated upto 800◦C at a heating rate
of 5◦C/min. Based on the heating rate, the onset temperature and peak temperature
may vary, however, for simplicity we consider a heating rate of 5◦C/min. The TG
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Figure 2.9. Thermal stability analysis. Percentage of weight loss and derivative of weight loss of
HDPE, Topas, Teflon, and Zeonex as a function of temperature variation, Islam et al.
(2020b).
Sample Onset Peak ∆ T
Temperature (◦C) Temperature (◦C) (◦C)
HDPE 468 485 17
Teflon 580 610 30
Topas 460 476 16
Zeonex 443 463 20
Table 2.2. Measured thermal properties of selected materials. The onset temperature, peak
temperature, and the difference between onset and peak temperature of HDPE, Teflon,
Topas and Zeonex at a heating rate of 5◦C/min.
and DTG curves for HDPE, Teflon, Topas and Zeonex are illustrated in Fig. 2.9 where
the DTG plot shows a peak weight loss from where the peak temperature degradation
(T p) can be determined. The onset temperature degradation (Tonset) is the point at
which the material starts to degrade or disintegrate while the peak temperature is a
point at which the degradation rate reaches at its maximum. The detailed thermal
characteristics of the samples including the weight loss temperatures, T p and T onset is
shown in Tab. 2.2.
According to Tab. 2.2 and Fig. 2.9 we find that the Teflon has highest thermal stability
among the experimented samples and starts losing its weight due to evaporation from
around 525◦C and ended up at around 620◦C. While the other three materials HDPE,
Topas, and Zeonex have shown similar thermal characteristics and start losing weight
from 440◦C and ending up of around 480 to 500◦C. Fig. 2.9 also illustrates that all the
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samples lose their weight after a particular temperature is attained, and the obtained
results are aligned with a previous thermal study of Topas and HDPE (Liu et al. 2003).
Though Teflon has the best thermal stability, it shows higher absorption loss and di-
electric loss tangent at high frequencies compared to Zeonex, Topas and HDPE. Teflon
is a fairly heat resistant and excellent anti-friction polymer that enables its use in me-
chanical units without additional lubrication. High loss materials such as PMMA,
silica, BK7, Duran, resin, etc. also have high refractive indices that can be used for
thinner metamaterial or metasurface designs. Moreover, crystalline materials such
as silicon, germanium, sapphire and quartz demonstrate low transmittance at tera-
hertz due to reflection losses. The absorption coefficients of these materials are around
0.5 cm−1 (Rogalin et al. 2018, Dai et al. 2004). Because of the high refractive index
and desired physiochemical properties, these crystalline materials are widely used in
manufacturing substrates with high-quality interference mirrors for high reflection co-
efficients.
As demonstrated in Fig. 2.9, HDPE shows improved thermal stability over Zeonex or
Topas, however, HDPE has higher absorption loss. Similar to Teflon, HDPE exhibits an
increasing loss trend at higher frequencies. The thin HDPE films are used for manu-
facturing terahertz polarizers and windows for Golay cells. The absorption coefficient,
dielectric loss tangent, transmittance and thermal stability of Zeonex and Topas are
almost identical, with a linear trend in optical characteristics, observed at higher tera-
hertz frequencies. The absorption coefficient and loss tangent of Zeonex and Topas are
extremely low and that also comes with higher transmittance than any other measured
samples. Other polymers such as polypropylenes (PP) and polymethylpentene (TPX)
show potential for terahertz applications however both have higher absorption coeffi-
cients (0.29 cm−1 @ 1.0 THz for PP, and (∼0.4 cm−1 @ 1.0 THz, for TPX) (Podzorov and
Gallot 2008, Kitai et al. 2017) than Topas and Zeonex.
Low loss TPX is a strong material and can mechanically be converted into lenses and
windows, exhibiting excellent optical properties for serving as an ideal substitute for
picarin (tsurupica) in the manufacture of lenses. Picarin is commercially less accessi-
ble and more expensive (Fedulova et al. 2012). However, based on transparency and
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absorption coefficients, the Zeonex and Topas are considered superior to TPX. There-
fore, in consideration of absorption coefficients, transparency, dielectric loss tangents
and thermal and chemical stability of polymer materials, Zeonex and Topas can be
considered as desirable for applications in terahertz technology. These applications in-
clude terahertz lenses, modulators, filters, metamaterials, metasurfaces and terahertz
sensors.
2.8 Conclusion
The optical, chemical and thermal properties of glasses and polymers are investigated
to select the optimal materials for applications in terahertz technology. The THz-TDS
and TGA analyses are carried out for obtaining optical and thermal properties whereas
the experiments of chemical properties are carried out in acidic, salinic and basic en-
vironments. Optical, thermal and chemical investigations show that the materials are
highly chemically and thermally stable. However, considering the absorption coeffi-
cients, transmittances and loss tangents, both Zeonex and Topas are found to be best
suited for terahertz applications.
In the following chapter, a comprehensive review of terahertz optical fibres is carried
out. Different optical fibre categories made by various materials are discussed. The
guiding mechanisms, fabrication methodologies, experimental methodologies, and ap-





TERAHERTZ optical fibres are essential for developing the full potential of com-plex terahertz systems. In this chapter, we review the guiding mechanisms,
the fabrication methodologies, the characterization methods, and the applications of
terahertz waveguides. We examine various optical fibre types including tube fibres,
solid core fibre, hollow-core photonic bandgap, antiresonant fibres, porous-core fi-
bres, metamaterial-based fibres, and their guiding mechanisms. The optimal mate-
rials for terahertz applications are discussed. The past and present trends of fabrica-
tion methods, including drilling, stacking, extrusion and 3D printing, are elaborated.
Fibre characterization methods including different optics for terahertz time-domain
spectroscopy (THz-TDS) setups are reviewed and application areas including short-





The advance of terahertz technology and the growing interest in applications have in-
creased the demand for developing new sources, detectors, waveguides, and other
components for efficient control of terahertz waves. Low loss and low dispersion
waveguides represent one of the critical technologies for a new generation of tera-
hertz systems. The focus on terahertz has increased because of the recent availability
of convenient sources and detectors, bridging the so-called “terahertz gap” that was
traditionally due to the lack of practical, low-cost and efficient components. The new
frontier includes exciting applications such as non-destructive testing (NDT), label-
free and non-invasive molecular detection, detection of DNA hybridization, pharma-
ceutical drug testing, and broadband short-range communications (Gallot et al. 2000,
Atakaramians et al. 2013, Siegel 2002, Islam et al. 2018f, Islam et al. 2017d, Islam et al.
2016a, Islam et al. 2018d, Sultana et al. 2018b, Islam et al. 2016c, Islam et al. 2017b, Is-
lam et al. 2018h). Terahertz also has potential for biomedical spectroscopy with a pho-
ton energy that is lower than that of mid-IR radiation, yet with stronger polar molec-
ular interactions than microwave radiation (Yang et al. 2018c, Reyes-Vera et al. 2018,
Habib et al. 2018, Paul et al. 2018, Habib and Anower 2019, Wang et al. 2019, Rana et al.
2018, Xiao et al. 2018a, Nazarov et al. 2018, Yan et al. 2018, Sultana et al. 2017b, Mit-
tleman et al. 1998, Gerecht et al. 2011, Lin et al. 2008, Pickwell and Wallace 2006, Is-
lam et al. 2017a, Islam et al. 2019f, Islam et al. 2020d, Islam et al. 2018j, Williams 2007,
Chan et al. 2007).
Moreover, it is in demand for defence and security screening as it can easily penetrate
plastics, cardboard and clothing (Tsydynzhapov et al. 2018). Despite all the potential
applications, terahertz is still in the development phase because most present terahertz
systems are bulky and typically depend on free-space transmission. Whilst the avail-
ability of sources and detectors has enabled recent work in this area, other components
remain primitive in comparison to their optics counterparts (i.e., designed for visible
and infrared).
Terahertz radiation is highly sensitive to the atmosphere due to water vapour con-
tent. The free space transmission of terahertz experiences various undesirable losses
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due to the coupling with atmospheric components that significantly reduces the trans-
mission efficiency. Therefore, in order to upgrade some terahertz systems, it is nec-
essary to build up low loss waveguides. As a primary solution, prior studies have
proposed several waveguides including metallic wires, parallel plates, dielectric tubes
with metal coating, polystyrene foams, sub-wavelength fibres, Bragg fibres, hollow-
core fibres, porous-core fibres, and antiresonant terahertz fibres (Jeon et al. 2005, Gal-
lot et al. 2000, McGowan et al. 1999, Wang and Mittleman 2004, Yudasari et al. 2014,
Agrawal 2012, Poli et al. 2007, Knight et al. 1998, Vincetti and Setti 2010, Beravat et al.
2016, Russell 2003, Knight 2003, Cerqueira Jr 2010, Argyros and Pla 2007, Gérôme et al.
2010, Couny and Benabid 2006, Couny et al. 2007, Yu and Knight 2016, Wei et al. 2017,
Russell et al. 2017, Argyros 2013, Barh et al. 2015, Atakaramians et al. 2009a, Chen et al.
2013, Hassani et al. 2008, Bao et al. 2012, Kaijage et al. 2013, Aming et al. 2016, Sul-
tana et al. 2018b, Atakaramians et al. 2009b, Cruz et al. 2013c, Faisal and Islam 2018,
Rana et al. 2016, Mei et al. 2019, Vincetti 2009a, Cruz et al. 2018, Anthony et al. 2011b,
Yang et al. 2016, Lai et al. 2010, Bao et al. 2015, Zhu et al. 2019, Hasanuzzaman et al.
2018, Cruz et al. 2015, Cruz et al. 2017, Sultana et al. 2019c, Sultana et al. 2019a, Sul-
tana et al. 2020, Dupuis et al. 2011, Cruz et al. 2015, Harrington et al. 2004, Atakarami-
ans et al. 2013, Markov et al. 2012, Markov et al. 2014, Yang et al. 2019b). Metal wires
were proposed in the early days of terahertz technology development (Jeon et al. 2005,
Gallot et al. 2000, McGowan et al. 1999).
Single metal wire can operate as a waveguide for terahertz pulses with reduced disper-
sion and low attenuation (Wang and Mittleman 2004, Atakaramians et al. 2013). How-
ever, the coupling of the free-space terahertz beam to the metal wire-guided mode is
very ineffective, since the fundamental mode of metal wire waveguide is radially po-
larized while the photoconductive antennas produce linearly polarized terahertz sig-
nal (Wang and Mittleman 2004). Two-wire waveguides gained attention with low loss
and improved coupling properties (Atakaramians et al. 2013), however, not practical
for real-world applications. In spite of metallic wires possessing desirable propagation
characteristics, the most promising device for guiding terahertz is a dielectric waveg-
uide and its principal category is the terahertz optical fibre. Since the introduction of
the solid dielectric rod, there are now a large number of proposed designs for tera-
hertz optical fibres—the most advanced designs are based on the concept of speciality
optical fibres (Atakaramians et al. 2013). Terahertz optical fibres have, for example, the
potential to be designed to allow waveguiding through air and much deeper control of
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the waveguide optical properties such as loss, birefringence, dispersion, transmittance
bands, modal areas, etc.
In this chapter, we aim to combine the recent development of terahertz optical fibres
with different geometries and guiding mechanisms, the background materials, the fab-
rication techniques, measurement techniques, and potential applications.
3.2 Terahertz optical fibre types and guiding mechanisms
In this section, the main advances in the development of terahertz waveguides are
summarized. A large variety of terahertz waveguide concepts have been proposed in
the last two decades and, usually, are based on metal wires and dielectric waveguides.
As a classical optical fibre, the terahertz wave propagation in dielectric waveguides can
be supported by the following physical mechanisms: the total internal reflection effect
(TIR) (Agrawal 2012), the modified total internal reflection (mTIR) (Poli et al. 2007)
in microstructured fibres (or Photonic Crystal fibre-PCF), the photonic bandgap effect
(PBG) (Knight et al. 1998), the antiresonant effect with inhibited coupling of core and
cladding modes (Vincetti and Setti 2010) and the topological channel effect in helically
twisted structures (Beravat et al. 2016). The TIR and mTIR effects are related to the re-
fractive index contrast between core and cladding of an optical fibre, allowing the fibre
to propagate electromagnetic waves at the high index core. The mTIR is essentially
the same TIR physical effect and is present when the cladding is a microstructured re-
gion with lower refractive index material formed by low index inclusions (usually air
holes) in the background fibre material (Russell 2003). The PBG effect in microstruc-
tured optical fibres leads to a condition where the electromagnetic wave is not allowed
to propagate in the transverse directions but is able to propagate longitudinally at a
defect region (Knight et al. 1998). The defect region is a perturbation in the periodic
microstructure of the cladding and defines the fibre core region (Knight et al. 1998). In
this condition, the electromagnetic wave can be guided via an “out-of-plane” photonic
bandgap and low loss longitudinal transmission occurs in spectral bands where the
two-dimension microstructured lattice exhibits forbidden wavelengths for transverse
electromagnetic waves (Knight et al. 1998, Russell 2003, Knight 2003). These narrow
spectral bands depend on the periodic cladding structure, geometry, and refractive in-
dex contrast between the background material and the low index periodic inclusions in
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the microstructured cladding (Russell 2003, Knight 2003). The PBG effect allows wave
propagation in hollow-core waveguides that opens the possibility of applications in
telecommunications and sensing (Russell 2003, Knight 2003, Cerqueira Jr 2010).
Some hollow-core PCFs have a cladding microstructure with a high air filling factor
(thin webs between large air-holes). This lattice structure is called kagome and it does
not support the PBG effect. An optical fibre with kagome cladding lattice exhibits a
lower density of photonic states and, in this situation, core and cladding modes can co-
exist without coupling (Atakaramians et al. 2013), (Argyros and Pla 2007, Gérôme et al.
2010, Couny and Benabid 2006, Couny et al. 2007) (guidance based on inhibited cou-
pling). The probability of coupling between core and cladding modes depends on the
match of their effective indexes and their spatial mode overlap (Argyros and Pla 2007).
The low density of cladding modes is a critical condition, reducing the probability of
core and cladding mode coupling. This opens the possibility of low loss core guidance
in wide spectral range in kagome lattice fibres (Couny et al. 2007).
In such structures, the cladding is formed by a complex lattice of air-holes with high
filling factor, and the fibre core is surrounded by a thin dielectric ring (Cerqueira Jr
2010, Argyros and Pla 2007, Gérôme et al. 2010, Couny and Benabid 2006, Couny et al.
2007). If we consider simplifying this structure to a thin dielectric ring surrounding
the hollow-core, this is called a tube fibre (or pipe fibre). Like a kagome structure, the
very low density of modes supported by the ring reduces the probability of coupling in
core and cladding modes (inhibited coupling). In fact, it is possible to analyze the guid-
ance condition in the tube fibre considering the structure as an antiresonant reflecting
optical waveguide (ARROW) (Gérôme et al. 2010). As a double-layered Fabry-Pérot
resonator, at the antiresonant wavelengths the constructive interference occurs inside
the hollow-core supporting terahertz transmission, and at the resonant wavelengths
the light couples to lossy modes inside the dielectric ring (Cerqueira Jr 2010, Argyros
and Pla 2007, Gérôme et al. 2010, Couny and Benabid 2006).
This guidance mechanism is known as the antiresonant effect with inhibited coupling
and has been explored in terahertz waveguide design with low loss and wideband
transmission. A new guidance effect was recently demonstrated in coreless PCF with
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a helical twist (Beravat et al. 2016). The twisted structure presents a topological chan-
nel that creates favorable guidance conditions. The helical twist causes a quadratic
increase in the optical path as a function of fibres radius and twist rate, impacting
more strongly the effective indexes of cladding modes with field distribution far from
the fibre centre. As a result, a helical twist causes a decoupling (or an inhibited cou-
pling) between modes with field close to the fibre center from modes with field far
from the fibre center. The result is a waveguide with low confinement loss, even when
the structure is a coreless microstructured fibre (Beravat et al. 2016, Russell et al. 2017).
Fig. 3.1 presents one example of terahertz optical fibre structure to each possible guid-
ance mechanism.
Figure 3.1. Terahertz optical fibres. Representative sketches of terahertz optical fibres with cor-
responding guidance mechanism indicated (Islam et al. 2020a).
Terahertz optical fibres have been proposed in the literature building upon the devel-
opments in speciality optical fibres (Atakaramians et al. 2013, Argyros 2013, Barh et al.
2015). The designs have explored almost all the guidance mechanisms already ap-
plied in photonics. The main categories of terahertz optical fibres are: solid rod fibre
(or microwire fibre) (Atakaramians et al. 2013, Argyros 2013), porous fibre (Argyros
2013, Barh et al. 2015, Atakaramians et al. 2009a, Chen et al. 2013, Hassani et al. 2008),
porous-core fibre (Bao et al. 2012, Kaijage et al. 2013, Aming et al. 2016), slotted core fibre
(Sultana et al. 2018b, Atakaramians et al. 2009b, Cruz et al. 2013c, Faisal and Islam 2018),
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suspended core fibre (Rana et al. 2016, Mei et al. 2019), hollow-core fibre (Vincetti
2009a, Cruz et al. 2018, Anthony et al. 2011b, Yang et al. 2016, Lai et al. 2010), hollow-
core fibre based on anti-resonances and inhibited coupling mechanism (Vincetti and
Setti 2010, Bao et al. 2015, Zhu et al. 2019, Hasanuzzaman et al. 2018, Cruz et al. 2015,
Cruz et al. 2017, Sultana et al. 2019c, Sultana et al. 2019a) Bragg fibre (Hassani et al.
2008, Zhu et al. 2019, Dupuis et al. 2011, Cruz et al. 2015), porous fibre with embedded
metallic wires (Yudasari et al. 2014, Harrington et al. 2004, Atakaramians et al. 2013,
Markov et al. 2014), and helically twisted fibre (Stefani et al. 2018). Fig. 3.2 presents
the variety of terahertz optical fibres presented in the literature, where black and white
colors represent the dielectric material and the air region, respectively.
Figure 3.2. Optical fibre categories. (i) Solid rod fibre, (ii) Microstructured optical fibre, (iii)
Porous fibre, (iv) Suspended porous-core fibre, (v) Suspended slotted core fibre, (vi)
Hollow-core bandgap fibre, (vii) Hollow-core tube fibre, (viii) Hollow-core fibre with
negative curvature, (ix) Hollow-core fibre based on anti-resonances and inhibited cou-
pling, (x) Hollow-core nested antiresonant nodeless fibre, (xi) 3D printed hollow-
core fibre based on anti-resonances and inhibited coupling, and (xii) Bragg fibre
(Islam et al. 2020a).
The main problem in the development of terahertz optical fibres is the strong absorp-
tion of terahertz in dielectric (polymers or vitreous) materials. The high absorption
loss demands specialized designs to achieve the desired properties for terahertz opti-
cal fibres. A solid rod fibre, the most straightforward terahertz fibre, has high con-
finement of modal power in the dielectric material, resulting in very high absorp-
tion loss. Microstructured solid core terahertz fibres have a similar issue resulting
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in high absorption losses. However, a coreless porous terahertz fibre with subwave-
length air-holes, can reduce the absorption loss by adjusting the fraction of modal
power at the air (air-holes plus air-cladding) and at the dielectric background mate-
rial (Chen et al. 2013, Hassani et al. 2008). Porous terahertz fibres reaching 85% of
modal core power fraction were also demonstrated in Argyros (2013), Barh et al. (2015),
Atakaramians et al. (2009a), Chen et al. (2013), Hassani et al. (2008), resulting in reduced
propagation losses.
Porous-core terahertz fibres are those in which a dielectric core has a microstructure
of sub-wavelength air-holes and the surrounding cladding is built with larger air-
holes (Bao et al. 2012, Kaijage et al. 2013, Aming et al. 2016, Hasanuzzaman et al. 2015).
Porous-core terahertz fibre provides high confinement with low loss terahertz prop-
agation. However, some designs add extra effort to prepare the fibre preform by in-
cluding air-holes with very different diameters to build the micro-structured core and
cladding regions. This kind of porous-core terahertz fibre was proposed in (Kaijage et al.
2013, Aming et al. 2016) leading to high power confinement at the porous-core region
(40%–50%) and propagation losses of about 0.07 cm−1. Porous-core fibre design based
on the PGB effect allows the use of similar air-hole diameters. This approach was firstly
demonstrated in terahertz fibres built with cyclic olefin copolymer (COC–TOPAS) op-
erating at 0.75–1.05 THz with losses lower than 1.5 dB/cm (Bao et al. 2012). An even
more difficult design was proposed in a porous-core fibre with elliptical air-holes that
was proposed to obtain high birefringence of about 0.119 and low-loss propagation of
0.0689 cm−1 at the 1.0 THz (Hasanuzzaman et al. 2015). In general, a core porosity of
50% to 60% allows reduction of the absorption loss to 45% and 38% of the bulk material
loss, respectively (Kaijage et al. 2013).
An alternative design to porous-core terahertz fibre is the slotted-core terahertz fibre
developed with the purpose of providing high birefringence of about 0.02 to 0.075 at
1 THz (Sultana et al. 2018b, Atakaramians et al. 2009b, Cruz et al. 2013c, Faisal and Islam
2018) and low loss below 0.06 cm−1 (Sultana et al. 2018b, Islam et al. 2015). Basically,
fibre core has high porosity due to the inclusion of rectangular or elliptical slots filled
with air (Sultana et al. 2018b, Atakaramians et al. 2009b, Cruz et al. 2013c, Faisal and
Islam 2018). Slotted-core fibres were only numerically studied because the extra chal-
lenge of preparing the fibre preform and integrating rectangular or elliptical slots at the
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core region into a cladding with circular air-hole macrostructure (Sultana et al. 2018b,
Atakaramians et al. 2009b, Cruz et al. 2013c, Faisal and Islam 2018, Islam et al. 2015).
Note that Fig. 3.3(a–d) present examples of porous-core and slotted-core terahertz op-
tical fibre designs and their material absorption loss as function of core-diameter and
porosity (Kaijage et al. 2013, Islam et al. 2015). Slotted-core terahertz fibres have the
potential to result very low propagation losses, but experimental demonstration must
be presented.
Figure 3.3. Porous-core and slotted-core terahertz optical fibre designs and absorption loss
as function of core diameter and porosity. (a)-(b) Microstructured porous-core ter-
ahertz fibre design and its absorption loss (Kaijage et al. 2013). (c)-(d) Sloted-core
terahertz fibre design and its absorption loss (Islam et al. 2015, Islam et al. 2020a).
An optimized design of porous terahertz fibre, or suspended core terahertz fibre can
reduce the absorption loss to less than 1/10 of the bulk material loss. However, consid-
ering the high absorption losses of dielectric materials, a hollow-core fibre seems to be
a more effective option. Based on the established hollow-core fibres for phonics appli-
cations in the optical regime, hollow-core terahertz fibres have been proposed based on
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Figure 3.4. Suspended-core terahertz fibres. (a) Subwavelength core (Mei et al. 2019), (b)
Hollow-core (Jiang et al. 2013), (c) Graded porous-core (Mei et al. 2019), (d) Slotted-
core (Faisal and Islam 2018).
different guiding mechanisms: the band-gap effect, low cladding mode density in fi-
bres with kagome structure and the antiresonant effect (Vincetti and Setti 2010, Vincetti
2009a, Cruz et al. 2018, Anthony et al. 2011b, Yang et al. 2016, Lai et al. 2010, Bao et al.
2015, Zhu et al. 2019, Hasanuzzaman et al. 2018, Cruz et al. 2015, Cruz et al. 2017).
Hollow-core terahertz fibres, based on kagome structures, were demonstrated with re-
markable low absorption losses of 0.6 cm−1 over 0.65–1.0 THz (Anthony et al. 2011b)
and 0.02 cm−1 over 0.2–1.0 THz, with minimum of 0.002 cm−1 at 0.75 THz (Yang et al.
2016). The kagome terahertz fibre presented in Anthony et al. (2011b) was fabricated by
the stack and draw technique and resulted in single-mode operation with propagation
loss about twenty times lower than the loss of polymer PMMA used as manufacture
material. The hollow-core kagome structure presented in Yang et al. (2016) was manu-
factured by 3D printing leading to broadband propagation (above 0.4 THz) and enables
mechanical splicing by connecting separated parts without any additional alignment
issue. Fig. 3.4 (a-d) present both kagome based hollow-core fibres and their spectral
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propagation losses (Anthony et al. 2011b, Yang et al. 2016). These hollow-core struc-
tures are representative of two most promising fabrication techniques applied to tera-
hertz optical fibre manufacture. The first technique (stack and draw) allows obtaining
flexible single-mode waveguides and the second technique (additive manufacturing
by 3D printing in polymer) open the possibility to fabricate special designs that are
impossible to by prepare with any other manufacturing technique.
Despite the efficacy of low-loss PBG and kagome based hollow-core terahertz fibres, a
simpler design is possible and has been explored for terahertz wave propagation. An-
tiresonant hollow-core terahertz fibres (tube terahertz fibres) enable wave propagation
with extremely low absorption losses of 0.0005 cm−1 at 1.0 THz (Lai et al. 2010, Bao et al.
2015) over large bandwidths. An antiresonant waveguide can be formed by just one
dielectric tube or a design based on connected tubes as presented in Fig. 3.5(a) and
3.5(c). These waveguides present wider transmission bands than that of PBG based
hollow-core terahertz fibres. Figs. 3.5(b) and 3.5(d) present the attenuation constant
and loss coefficient to the single tube waveguide and tube lattice waveguide, respec-
tively (Lai et al. 2010, Vincetti and Setti 2013).
Besides the search of appropriated designs to obtain low loss terahertz propagation,
the another very important parameter to enable broadband terahertz transmission is
the chromatic dispersion of terahertz optical fibres. A very simple antiresonant tera-
hertz fibre, based on just one dielectric tube with absorptive cladding, might provide
low loss 0.05–0.5 cm−1 and low dispersion propagation (|β2| < 10 ps/THz/cm) in
the 0.3–1.0 THz range (Bao et al. 2015). The authors demonstrated that an absorptive
material, placed outside the dielectric tube, reduces the slope of dispersion curves es-
pecially in the vicinity of resonant loss maxima, what causes a strong reduction in the
group velocity dispersion (GVD), reduction of bending losses, remains < 0.2 cm−1 for
bending radii down to 10 cm, and propagation bandwidth much larger that the classi-
cal ARROW waveguide (Bao et al. 2015).
Another possible design of hollow-core fibre is the Bragg terahertz fibre that consists
of a hollow-core surrounded by circular concentric rings of high and low refractive in-
dexes (Bragg reflector). In this category of fibre, usually the fibre core is much larger
than the operating wavelength what ensures high coupling efficiency with different
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Figure 3.5. Hollow-core terahertz fibre based on antiresonant effect. (a-b) Simplest dielectric
tube terahertz waveguide (Lai et al. 2010), (c-d) Negative curvature hollow-core tube
lattice terahertz waveguide (Vincetti and Setti 2013, Islam et al. 2020a).
terahertz sources (Hassani et al. 2008). Few studies about Bragg terahertz fibres are
available in the literature (Hassani et al. 2008, Dupuis et al. 2011, Cruz et al. 2015), but
the numerical and experimental results demonstrate transmission from 0.2–2.0 THz
and loss of 0.1 cm−1 to 1.0 THz (Dupuis et al. 2011, Cruz et al. 2015). The Fig. 3.6 (a-b)
present a terahertz Bragg fibre design, manufactured by rolling two different polymer
films, and its spectral transmission loss, respectively (Dupuis et al. 2011). This design
and manufacture process has the advantage of simplicity, cost effective, besides enable
flexible waveguides and propagation from 0.2–2.0 THz. The Fig. 3.6 (c-d) show a 3D
printed terahertz Bragg fibre, with diameter core of 7.2 mm, and its spectral transmis-
sion loss, respectively (Cruz et al. 2015). The 3D printed Bragg fibres using low-cost
printers, as presented in Cruz et al. (2015), simple to fabricate, but the low spatial print-
ing resolution and the use of only one printing material limits the designs in their
ability to achieve the operation in the Bragg regime. An alternative can be to fill the air
gap with a liquid polymer or another dielectric where the high-index contrast leads to
omnidirectional reflection.
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Figure 3.6. Hollow-core terahertz Bragg fibre, design and its spectral transmission loss. (a)-
(b) Manufactured by rolling two polymer layers (Dupuis et al. 2011), (c)-(d) Fabricated
by 3D printing (Cruz et al. 2015, Islam et al. 2020a).
An alternative design of hollow-core terahertz fibre is a hybrid terahertz fibre that is
based on porous fibre with embedded metallic wires (Yudasari et al. 2014, Sultana et al.
2019a, Harrington et al. 2004, Markov et al. 2014). Further details about terahertz fibres
with embedded wires will be presented in the next section.
A new frontier of terahertz fibre optic development is the proposal of helically twisted
hollow-core terahertz fibres. Considering the new features demonstrated by this cat-
egory of fibres in photonic applications, there is a significant opportunity to develop
devices to manipulate terahertz modes with circular polarization and modes with or-
bital angular momentum (OAM) (Stefani et al. 2018).
3.2.1 Hollow-core waveguides having single and hybrid cladding
In this section, various hollow-core metallic single and hybrid cladded waveguides are
discussed. The single clad waveguide refers to a structure with a single layer of ma-
terial (metal or polymer), Fig. 3.7(i); whereas hybrid clad (metamaterial) waveguides
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contain a minimum of two different materials, creating conjugate layers, Fig. 3.7(ii-viii)
(Yudasari et al. 2014, Sultana et al. 2019a, Harrington et al. 2004, Markov et al. 2014). The
net idea is to combine the low-loss, low-dispersion terahertz propagation properties of
metal wires/sheet based waveguides with the mechanical robustness of porous tera-
hertz fibres.
Hollow-core single-clad metallic pipe waveguides
McGowan et al. (1999) reported the first experimental investigation on a long circular
stainless-steel hollow pipe waveguide . The next year, Gallot et al. (2000) extended the
idea by reporting a brass circular hollow waveguide. In all of these cases, the tera-
hertz transmission is limited not only by the high loss of the metal but also by group
velocity dispersion of the guided waves. Hidaka et al. (2005) developed a flexible,
hollow terahertz waveguide and compared the results by using both polymer (fer-
roelectric polyvinylidene fluoride, i.e. PVDF) and metal (copper). An improved loss
performance was found by using the polymer than the copper. Alongside the ohmic
losses, the inner surface roughness (Hidaka et al. 2005) introduced from the washing
process and inconsistency of the waveguide cross-section (Gallot et al. 2000) introduced
from extrusion over the length are the main limitations of the metal waveguides.
Figure 3.7. Hollow core terahertz waveguides with metallic wires and coating. (i) Sin-
gle metallic cladded waveguide, (ii-iii) Hybrid cladded waveguide, (iv) Metamate-
rial cladding (Li et al. 2016a), (v) Two-wire dielectric cladding (Markov et al.
2012, Atakaramians et al. 2013, Markov et al. 2014); (vi) Three wire dielectric
cladding (Yudasari et al. 2014), (vii-viii) Cladding with multiple metal wire inclusions
(Yudasari et al. 2014, Atakaramians et al. 2013, Li et al. 2016a), (Islam et al. 2020a).
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Hollow-core metamaterial waveguides
Hybrid-clad also known as metamaterial waveguide refers to the waveguides having a
minimum of two different layers of materials. Each layer has different functionalities,
for example, the use of polymer as a supporting tube (Harrington et al. 2004) can in-
troduce the flexibility to deposit metal on polymer inner surface. The inner thin metal
layer serves as a reflector and maintains the optical properties. Harrington et al. (2004)
adapted metal coating idea using liquid-phase chemistry method from the mid-IR re-
gion and applied it to the terahertz spectrum. The ejection of a thin metal layer of
correct optimal thickness inside and/or outside of the transparent polymer is the main
concept of liquid-phase chemistry method. However, this method possesses complex
procedures and limits the coating diameter and length. Various hybrid cladded waveg-
uides are shown in Fig. 3.7.
A 3D printed porous fibre with embedded metallic wires was reported in Yudasari et al.
(2014) reaching low-loss absorption coefficients of 0.05–0.4 cm−1 and close to zero dis-
persion, Fig. 3.7(vii). A challenge of embedded metal wire design is the careful main-
tenance of inter-wire gaps along the fibre length, because any variation of this distance
can increase the radiation losses significantly (Markov et al. 2014). Atakaramians et al.
(2013) analysed two-wire and four-wire configuration of metamaterial waveguide. The
reported power loss was 0.3 cm-1 for the two-wire fibre, and 0.5 cm-1 for the four-
wire fibre. To obtain the desired wire-based hybrid cladding geometries, the dielectric
waveguide preform can be made first and then metal wires can be inserted manually
(Yudasari et al. 2014).
The dielectric coating on metal is another type of metamaterial waveguide that fa-
cilitates the transmission over a metallic tube waveguide. For example, polystyrene
coated metal enhances the reflectivity of the metal via an interference effect and the
metal acts as a mirror. An experimental characterization on a silver/polystyrene-
coated hollow glass waveguide (Bowden et al. 2007, Bowden et al. 2008a) shown that
the transmission loss reduces to 0.95 dB/m, in contrast to the high loss of 3.5–5.0 dB/m
for the metal-only waveguides. This is due to the low extinction coefficient (Matsuura
and Takeda 2008) and low dielectric absorption (Tang et al. 2009) of the dielectric loaded
waveguide. A drawback of introducing the dielectric layer in a metallic waveguide
Page 43
3.2 Terahertz optical fibre types and guiding mechanisms
is that the dielectric coating introduces interference peaks, which limits the band-
width of operation (Matsuura and Takeda 2008). Thus, the thickness of the dielec-
tric should be optimized in such a way that a low transmission loss window can be
located in the desired frequency region. The addition of a thin dielectric layer of an
oversized waveguide can reduce losses but enlarging the core size increases the num-
ber of modes so that modal coupling and modal dispersion become problematic. A
single layer of subwavelength metal wires with optimal thickness is sufficient to pro-
vide the required guidance through hollow-core with dielectric cladding environment
(Li et al. 2016a). The waveguide reported by Li et al. was fabricated using co-drawing
technique (Tuniz et al. 2012) with indium wires and Zeonex. Within the single-mode
window, the propagation loss of their waveguide is as low as 0.28 dB/cm.
For the wire-based hybrid clad hollow waveguide, the dominant guided mode is a
HE11-like mode (Atakaramians et al. 2013, Yudasari et al. 2014). It should be noted
that coated dielectric layer thickness plays an important role in defining the dominant
mode between HE11 and TE01. It is found that for correct optimal thickness the domi-
nant mode for the dielectric coated metal waveguide is the HE11 mode (Bowden et al.
2007, Bowden et al. 2008b, Matsuura and Takeda 2008, Tang et al. 2009). The loaded
dielectric film reduces the loss of TM mode, which is higher for the metal waveguide.
This results in the dominant mode for the dielectric loaded waveguide to be the HE11
mode with a lower attenuation constant.
Tab. 3.1 summarizes the main features of terahertz optical fibre categories and address
selected works representing the advances in terahertz dielectric waveguides develop-
ment.
Tab. 3.2 presents selected experimentally demonstrated terahertz optical fibres with de-
scription of fibre category, background material, core diameter, effective material loss
(EML in cm−1) or confinement loss (CL in dB/cm), and dispersion (GVD). The ma-
terials are: Polystyrene (PE), polypropylene (PP), polymethyl methacrylate (PMMA),
polytetrafluoroethylene or teflon (PTFE), cyclic olefin copolymer (COC), cyclo-olefin
polymer (COP), VeroWhitePlus (photopolymer), Somos EvoLVe 128 (photopolymer),
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), high-density polyethylene
(HDPE), silica (SiO2), arsenic sulfide (As2S3), and high resistivity silicon (HRS).
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Terahertz fibre cat. Highlights Concerns Extra comments
Solid core Design simplicity, ease of
manufacture.
High absorption and bend-
ing losses, High dispersion
(GVD).
Tapered subwavelength fibre to
evanescent field sensing, can be
flexible.
Porous Average absorption loss
and design and manu-
facture complexity, me-
chanical robustness.
High bending loss, high dis-
persion (GVD), multimode
guidance.






High absorption and bend-
ing loss.
Solid, porous or slotted core
Suspended core Reduced absorption
loss, Isolated fibre core,
High evanescent field




Solid, porous or slotted core Spe-










mode guidance, Large outer
diameter.
Bandgap guidance of PBG fibre,
wideband guidance of kagome
fibre, terahertz signal well cou-
pled to large core diameters.
Antiresonant Low absorption loss, De-




Single tube fibre, absorptive
cladding, terahertz signal well
coupled to large core diameters,
possible manufacture with 3D
printing.






Possible manufacture with 3D
printing, terahertz signal well













modes at high frequencies, close-
to-zero dispersion with two-wire
configuration, Plasmonic modes
at lower frequencies, possible
use of embedded metal wires or
layers in different fibre designs.
Table 3.1. Terahertz optical fibres main features. Indicating the fibre categories and its features.
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Terahertz fibre cat. Material Core diameter (µm) Loss (EML or CL) Dispersion
Solid core PE 200 0.01 cm−1 at 0.3 THz -
Solid core PS, COP 1600×1600 0.3 cm−1 (PS) and 0.04 cm−1
(0.12 THz)
-
Porous Silica 182 1.2-2.0 dB/cm (0.4-0.6 THz) -
Porous PE 350 0.01 cm−1 at 0.3 THz -
Porous PTFE 430 < 0.27 cm−1 (0.1–1.0 THz) -
PCF COC 870, 4200 0.09 cm−1 (0.35–0.65 THz) 1 ps/THz/cm
Suspended PE 150 0.02 cm−1 (0.28–0.48 THz) -
Kagome PMMA 1600, 2200 0.8 cm−1 (0.75–1.0 THz) -
Kagome VeroWhite 9000 0.02 cm−1 (0.2–1.0 THz) -
Antiresonant PTFE 2100 0.05 dB/cm -
Antiresonant Resin 9000×4500 0.005 cm−1 -
Antiresonant Resin 5000 0.11 cm−1(0.2–1.0 THz) -
Bragg ABS 7200 0.52 dB/cm (0.35 THz) -
Bragg PMMA 4500 0.12 cm−1 (0.18 THz) -
Hybrid (metal) COC 2000 0.2 cm−1 (0.85 THz) 5 ps/THz/cm
(0.65-1.05 THz)
Table 3.2. Selected experimentally demonstrated terahertz optical fibres. Indicating the mate-
rial used, the fibre dimension, and optical properties. After Han et al. (2002), Guo et al.
(2019), Nagel et al. (2006), Dupuis et al. (2009), Leea et al. (2019), Nielsen et al.
(2009), Mei et al. (2019), Anthony et al. (2011b), Yang et al. (2016), Vincetti and Setti
(2013), Yang et al. (2019a), Yang et al. (2020),Cruz et al. (2015), Li et al. (2017b),
Atakaramians et al. (2013).
Tab. 3.3 presents selected numerically studied terahertz optical fibres with description
of fibre category, background material, core diameter, effective material loss (EML in
cm−1) or propagation loss (dB/cm), and dispersion (GVD).
Fabrication constraints are crucial when designing and developing a new polymer op-
tical fibre. Polymers are considered as the most efficient material for manufacturing
terahertz waveguides as they can show low loss and flat dispersion properties in the
terahertz regime. The fabrication processes of terahertz polymer fibres are adapted
from the microstructured optical fibre. In general, the microstructured optical fibres
can be fabricated by drilling, stacking and drawing, extrusion, casting/molding and
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Terahertz fibre cat. Material Core diameter (µm) Loss (EML or CL) Dispersion
(ps/THz/cm)
Porous COC 560, 600, 760 0.007 cm−1 (0.2 THz) -
Porous PMMA 400 0.01 cm−1 (0.2 THz) -
PCF porous core COC 350–500 0.1–0.2 cm−1 (0.7–1.2 THz) -
PCF porous core COC 350 0.07 cm−1 (1.0 THz) -
PCF porous core HRS 100 0.04 cm−1 (0.9–1.0 THz) 0.6
PCF slotted core COC 350 0.07 cm−1 (1.0 THz) 4
PCF porous core COC 300–450 0.053 cm−1 (1.0 THz) -
Suspended porous core COC 432 0.01–0.1 cm−1 (0.35− 1.0 THz) 0.14
Suspended slotted core COC 320 0.39 dB/cm (0.95 THz) 0.5)
Kagome porous core COC 300 0.029 cm−1 (1.30 THz) 0.49
Kagome porous core COP 250–350 0.04 cm−1 (1.0 THz) 0.98± 0.09
PBG PTFE,
HDPE
882 0.01 dB/cm (0.9–1.1 THz) -
PBG COP 1500× 2034 0.01 cm−1 (0.82–1.05 THz) 0.16–1.12
Antiresonant PMMA 7000, 9000 0.0007–0.004 cm−1 (0.7 THz) -
Antiresonant PTFE 2100 0.05 dB/cm -
Hybrid (metal) PE 200 0.64 cm−1(> 1.514 THz) 2-3
Hybrid COC 1000 0.25 dB/cm (0.3–0.46 THz) -
Hybrid (Metamaterial) COP 3000 0.01 dB/cm (1.0 THz) -
Table 3.3. Selected numerically studied terahertz optical fibres. Showing the fibre categories
and optical properties. After Atakaramians et al. (2009b), Atakaramians et al. (2008),
Chen et al. (2013), Kaijage et al. (2013), Rana et al. (2016), Yang et al. (2018c), Faisal
and Islam (2018), Vincetti (2009a), Mei et al. (2019), Vincetti (2009b), Rana et al.
(2018), Sultana et al. (2019b), Vincetti (2009a), Xiao et al. (2018a), Lai et al. (2010),
Vincetti and Setti (2013), Markov and Skorobogatiy (2013), Li et al. (2016b), Sul-
tana et al. (2020).
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solvent deposition, and 3D printing. In this section, we discuss the methodology of
these fabrication methods and point out a few practical examples of the same.
3.2.2 Drilling
The drilling method is widely used to fabricate microstructured and photonic crystal
preforms with circular holes. Such preforms need to be subsequently drawn to optical
fibres to guide visible and infrared signals. The computer numerical controlled (CNC)
drilling machine offers to ability to fabricate complex structured preforms with high
precision (Barton et al. 2004). It should be noted the need to optimize the drilling pa-
rameters such as cutting speed, spindle speed and depth of cut to avoid air hole surface
roughness or polymer melting due to high drilling temperature.
A detailed drilling procedure has been discussed in Arrospide et al. (2018). The size of
the drill imposes a limitation on the maximum length of the preform and determines
the number of holes that can be drilled (Barton et al. 2004). To control the system tem-
perature and hole deformation, a liquid coolant is required during drilling. Also, the
drill bit has a very short lifetime and frequent replacement makes the whole fabrica-
tion process complex and time-consuming. Drilling is not suitable for porous-core and
antiresonant fibre because its geometrical complexity. It is also difficult to maintain the
mechanical strength of a thin wall between adjacent air holes in fibre structures with a
high air filling fraction (Barton et al. 2004). A possible geometry is a Bragg fibre with a
larger central hole and small holes forming the concentric layers, Fig. 3.8 (a).
3.2.3 Stack and draw
Stacking is another approach for creating hole patterns in a preform (Talataisong et al.
2019, Han et al. 2002, Goto et al. 2004, Cho et al. 2008, Lu et al. 2008, Liu and Tam 2017).
A number of polymer capillaries are stacked manually and bundled together with a
polymer jacket to prepare the final preform. The microstructured layers of a suit-
able preform are fastened together with ordinary thin plastic tubes. A wide range
of complex structures with different hole patterns has been made using passive or
active pressure. This freedom allows changing the shape of originally circular holes
like shown in Fig. 3.8 (b), (Anthony et al. 2011b, Dupuis et al. 2009, Setti et al. 2013).
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Figure 3.8. Terahertz optical fibre fabrication methods. Various geometries of optical fibre fab-
ricated by, (a) Drilling (Nielsen et al. 2009, Anthony et al. 2011a, Bao et al. 2012, Pon-
seca Jr et al. 2008); (b) Stack and draw (Talataisong et al. 2019, Han et al.
2002, Goto et al. 2004, Cho et al. 2008, Lu et al. 2008, Liu and Tam 2017);
(c) Sacrificial-polymer method (Dupuis et al. 2009, Dupuis et al. 2010), preform-
molding/fibre-inflation technique (Zhang et al. 2006, Dupuis et al. 2010), and extrusion
(Atakaramians et al. 2009a); (d) 3D printing (Van Putten et al. 2018, Wu et al. 2008,
Wu et al. 2011, Sultana et al. 2019c, Yang et al. 2019b), Islam et al. (2020a).
Stacking is the most common method for fabricating the preforms for hollow-core fi-
bre and porous fibre with high air proportion. The handmade stacking is very labour-
intensive and time-consuming for mass production. However, the limitation in the
preform length and drawbacks of drill bit imposed by the drilling method can be
overcome by this technique. The maximum achieved porosity with stacking is 8–18%
(Dupuis et al. 2009). A more detailed stacking procedure has been discussed in Ar-
rospide et al. (2018).
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The sacrificial polymer technique is a subtraction process, where the sacrificial rods are
stacked in the microstructured mold without touching and co-drawn with polyethy-
lene granules (Dupuis et al. 2009, Dupuis et al. 2010). The advantage of this technique
is that complete hole may collapse during drawing and can be removed as the preform
contains no holes. The PMMA rods are dissolved in tetrahydrofuran (THF), and the
air holes reveal in the fibre. The sacrificial material should have a higher glass transi-
tion temperature than casting material. A microstructured sub-wavelength fibre with
29–45% porosity has been possible to fabricate with a fibre length of several meters
(Dupuis et al. 2009, Dupuis et al. 2010).
3.2.4 Preform-molding/fibre-inflation technique
Molding is a procedure where the fibre preform is cast in a microstructured mold. The
microstructured mold features a special structured alignment to assemble a number
of polytetrafluoroethylenes coated alloy steel wires (Zhang et al. 2006) or bottom end
sealed silica capillaries (Dupuis et al. 2010). The bundle of steel wires/silica capillaries
is placed in the bottom end sealed of a large diameter of a quartz tube to enable pres-
surization in the preform. The tube is filled with polymer granules and placed into
a furnace to melt it. Upon cooling, the steel wires/solid rods are removed from the
solidified cast preform. The air holes in resultant preform are pressurized to prevent
the complete hole collapse during drawing, and the sufficient air pressure inflates the
holes with maximum porosity of 86% (Dupuis et al. 2010). The molding technique is
suitable for the arbitrary shapes and size in hole patterns by varying the mold struc-
ture and arrangement (Zhang et al. 2006). A drawback of this approach is that the
deformation of the porous cross-section can happen with unusual pressurization.
3.2.5 Extrusion
Extrusion is a common technique to fabricate either the polymer preforms or directly
fibre from a billet or from granules. The extrusion dies exit geometry defines the fibre
cross-section. Extrusion technique has been applied in microstructured fibre designs
named as spider web porous fibre (Atakaramians et al. 2009a), rectangular porous fi-
bre (Atakaramians et al. 2009a), including antiresonant fibre. The obtainable porosity
using extrusion are 57% and 65% (Atakaramians et al. 2009a). The critical step in extru-
sion is designing and machining the dies. A new die (or an intensive cleaning process)
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is required for each extrusion, making the fabrication technique expensive and time-
consuming. An interesting characteristic is that,different fibre structures can be fabri-
cated using the extrusion technique. Fig. 3.8(c) shows various fibres fabricated using
the sacrificial-polymer, preform-molding, and extrusion technique.
3.2.6 3D Printing
Note that 3D printing is a well established and comparatively easier method of fab-
ricating terahertz optical fibres. The most widely used 3D printing techniques are
stereo lithography (SLA)—uses a laser scanner to solidify the liquid resin which are
photocurable (Li et al. 2017b), fused filament method (FDM)—uses a nozzle to soften
Zeonex, Topas, PMMA, PC, PE, ABS, Nylon (Van Putten et al. 2018), polymer jetting
technique—uses UV lamps on print heads to cure acrylic polymer and water-soluble
polymer layer (Wu et al. 2008, Wu et al. 2011), each of which are suited to a range of
terahertz fibre fabrication techniques. An example of an FDM 3D printing sample is
shown in Fig. 3.8(d). The 3D printing process allows preparation in a single-stage pro-
cess, forming complex fibre geometries without any further processing or drawing.
The 3D printing technique allows for rapid prototyping of fibre designs as the fabrica-
tion cycle is significantly shorter. The limitation of 3D printing technology is that the
choice of material needs to be compromised for improved surface roughness. The use
of FDM has the ability to use many different polymers. That comes, however, with
higher surface roughness. The SLA technique can improve surface roughness but the
choice of material is restricted.
In this section, two most commonly used measurement systems such as terahertz time-
domain spectroscopy (THz-TDS), and continuous-wave (CW) terahertz spectroscopy
are discussed as the tool for terahertz waveguide characterization. In THz-TDS, co-
herent detection of time-domain signal can directly measure the transient electric field
that is then Fourier transformed to provide the properties of the sample under study
as a function of the frequency. A basic linear THz-TDS consists of a terahertz source
(emitter) and terahertz detector, pumped by a femtosecond laser system where ter-
ahertz optics (mirrors/lenses) are optional. The three different THz-TDS setups are
explored in this review, as illustrated in Fig. 3.9, and capable of transmission mode
measurement.
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Figure 3.9. Characterization methods of terahertz optical fibre. (a) THz-TDS setup where
the waveguide placed in between emitter and detector (Atakaramians et al. 2009a,
Van Putten et al. 2018); (b) THz-TDS setup by using high resistive silicon lenses
(McGowan et al. 1999, Wu et al. 2011, Lai et al. 2010), (c) a four lens setup of THz-
TDS (Peretti et al. 2018), (d) a CW-THz setup (Ma et al. 2017), (Islam et al. 2020a).
In the first setup, the input and output faces of waveguide are directly positioned inline
to the emitter and detector-Fig. 3.9(a). In this case, the terahertz pulse is directly propa-
gate towards the core of the fibre that is then received by the detector. The emitter and
detector are the fixed components for the THz-TDS, where the path length between
them is altered according to the waveguide length, (Atakaramians et al. 2009a, Van Put-
ten et al. 2018). Generally, large core fibres can be excited directly by solely using the
transmitter and receiver, where additional lenses are not required.
An alternative approach for waveguide characterization is using mirrors and hyper-
spherical silicon/polymer lenses at the front and end interface of the waveguide, 3.9(b).
This kind of setup is generally necessary in order to achieve smaller beam size and
strong beam coupling with the waveguide. As an example, McGowan et al. (1999),
Gallot et al. (2000), Atakaramians et al. (2013), Anthony et al. (2011a), Ponseca Jr et al.
(2008), Wu et al. (2011), Lai et al. (2010), use this method of waveguide characterizations
where smaller beam size was required. A similar kind of beam size can be achieved
by using four lenses (silicon/polymer) as shown in Fig. 3.9(c). The lenses in this case
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need to be positioned and optimized according to their focal length (Peretti et al. 2018).
Note that CW-THz is another commonly used system for waveguide characterization,
Fig. 3.9(d). The setup shown in Fig. 3.9(d) has two distributed feedback lasers that has
slightly different center wavelength. The wavelengths are equally distributed to the
emitter and detector arm by the 50:50 coupler. The fibre stretchers in this CW-THz sys-
tem create additional path delay and cancel the phase noise.
Generally, there are two different methods for waveguide characterization. In the
first method, measurements of the same sample with different lengths can be car-
ried out by inserting and removing them in the setup (McGowan et al. 1999, Gal-
lot et al. 2000, Li et al. 2016a). This method of measurement introduces a coupling
loss that varies from measurement to measurement as every time a sample is inserted
the beams needed to be re-alignment. Another approach is the cut-back technique,
where the waveguide entrance is kept fixed on the setup while the sample has its
length shortened and the transmission power measured (Harrington et al. 2004, Bow-
den et al. 2008b, Bowden et al. 2007). The use of the cutback method is limited to fibres
that can be easily cut without being moved out from the characterization setup.
Over the last few years, THz-TDS has become a reliable and commercially available
product, however, the high cost of the femtosecond lasers needed to excite the photo-
conductive antenna hinders their widespread use for commercial applications (Yu et al.
2019, Kohlhaas et al. 2017). One of the advantage of the CW-THz system is their high
spectral resolution that depends on laser linewidth. Moreover, the full CW-THz system
can be driven by laser diodes that makes the system much more compact and inexpen-
sive (Yu et al. 2019, Kohlhaas et al. 2017).
Here and in the previous sections, the types of terahertz optical fibres, their guiding
mechanisms, suitable materials for terahertz guidance, possible fabrication, and char-
acterization methods were discussed. On a general note, we find that loss is a sig-
nificant issue for terahertz wave propagation, which can be significantly reduced by
optimal choice of fibre geometry and background material. One of the main hurdles
in the field is the imperfect fabrication of terahertz fibres. For example, 3D printing
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technology can produce complex fibre structures but, in general, with non-ideal ma-
terials and/or with high surface roughness and low transparency. Other processes
can be time-consuming or require multiple steps. Some fibres can also be very thick
(many mm in diameter) reducing its flexibility or be very fragile making it difficult the
cleaving process of a high-quality surface. A practical consequence is an extra effort
in doing a cut-back loss measurement and getting reliable experimental coupling and
transmission loss data.
Figure 3.10. Low losses Terahertz optical fibres. (i) PCF like fibre with microstructured core
(Islam et al. 2018a). (ii) Graded-index core fibre (Mei et al. 2019). (iii) Asym-
metrical terahertz fibre (Islam et al. 2018d). (iv) Antiresonant terahertz fibre
(Hasanuzzaman et al. 2018), (Islam et al. 2020a).
The field of terahertz optical fibres is still in development. The main applications of
terahertz fibres include short-distance data transmission, sensing, and imaging. For
propagation, terahertz fibres must present low losses, low dispersion, and in some
cases, have mechanical flexibility. The principal issue in the realization of these fibres is
high absorption loss of most materials in the terahertz regime, which implies increased
fibre transmission loss. While negligible loss materials are not available, one method
to overcome and control the losses is via optimization of fibre design. In sensing appli-
cations, fibres are used to increase the interaction of terahertz power with the analyte,
leading to sensors with higher sensitivity. This interaction may occur outside the fibre,
as in rod fibres, or the core of a hollow-core fibre. The use of hollow-core fibres goes
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beyond refractive index analyses, and has been employed for real-time monitoring and
molecular concentration sensors. Moreover, imaging systems employ terahertz fibres
as probes to deliver and collect signal dfor biological sensing, for example. All these
mentioned applications depend on low loss fibres, thus research effort for overcoming
these material losses are critical for real-world applications and continued improve-
ment is expected over the coming years.
Figure 3.11. Application of terahertz optical fibre in sensing and imaging. (i) Micro-fluid sensor
based on 3D printed Bragg fibre (Mei et al. 2019, Li et al. 2017b); (ii) Sensitivity of the
pipe sensor to different samples: water, HCl, acetone and ammonia (You et al. 2012),
(Islam et al. 2020a).
3.2.7 Transmission and communication
The primary use of terahertz optical fibres is to transport T-waves with minimal in-
fluence of the external medium. Since the 2000s, significant effort has been carried
out in the development of low loss and low dispersion terahertz waveguides to im-
prove fibre transmission properties. The first circular dielectric terahertz waveguide
was a solid polymeric rod which guided terahertz waves with an attenuation con-
stant of 0.01 cm−1 (Chen et al. 2006). To date, several studies have proposed low loss
waveguides optimization of fibre design and improved choice of available fabrication
materials (Hassani et al. 2008, Kaijage et al. 2013, Mei et al. 2019, Chen and Chen 2010).
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A recent study (Islam et al. 2018a) presented a combination of a porous-core circu-
lar PCF fabricated with the low loss material, Topas. In this case, 52% of the power
fraction was present in the microstructured core region, which reduces the overlap be-
tween the terahertz modal power and the host material. This effect leads to an effective
material loss (EML) of 0.034 cm−1 and an ultra-flattened dispersion variation of 0.09
ps/THz/cm, Fig. 3.10(i). This numerical approach also showed guiding characteristics
such as single mode propagation and birefringence. Generally, these propagation char-
acteristics are required for transmission and communication applications. In 2019, a
suspended graded-index porous-core fibre was proposed (Mei et al. 2019), Fig. 3.10(ii).
The guiding mechanism is based on TIR, and the numerical where numerical inves-
tigation shows that by introducing a graded-index in the fibre core an extremely flat
dispersion of 0.14± 0.07 ps/THz/cm and an intermodal dispersion of 0.0152± 0.0004
ps/THz/cm are achieved. These dispersion values were found over 0.75 to 1.0 THz
when the fibre core diameter is 432 µm. An asymmetrical terahertz fibre was also re-
ported (Islam et al. 2018d), Fig. 3.10(iii), with a high fibre birefringence of 0.063, an
EML of 0.06 cm−1 and nearly zero dispersion flattened property of±0.02 ps/THz/cm.
The antiresonant hollow-core terahertz fibre (Hasanuzzaman et al. 2018), Fig. 3.10(iv),
is also a promising candidate for low loss terahertz transmission. An investigation
on this type of fibre shows a loss of 0.05 dB/m and 600 GHz wide dispersion flattened
bandwidth (Hasanuzzaman et al. 2018). Based on the results above, it is possible to find
out a promising path to guide terahertz waves in short and long distances. Although
these designs were investigated only numerically, the authors rely on the available
fabrication methods discussed in Section 4 for practical applications.
3.2.8 Sensing
As in the optics regime, terahertz fibres can also be used for sensing applications to de-
tect substances as liquids, vapors, solid particles or thin material layers. Terahertz rod
fibres, or subwavelength rod fibres, for example, guide electromagnetic waves with a
frequency dependent high power fraction due to the infinite air cladding. The evanes-
cent field is sensitive to changes in the cladding refractive index, shifting the waveg-
uide dispersion curve. As an example, in 2009, a liquid sensor based on a polystyrene
wire was demonstrated (You et al. 2009). In the experiment, water and alcohol were
readily distinguished and a variation of 58% in the dispersion curve between those
two liquids was observed. Moreover, melamine and polyethylene alcohol solutions
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were investigated. It was observed that by increasing the melamine and PE concen-
trations from 0 ppm to 100 ppm, a change in the dispersion curve occurred up to the
solution saturation limit, 80 ppm for melamine and 40 ppm for PE (You et al. 2009). The
sensor was able to detect variations of 20 ppm in the solution concentration, equivalent
to refractive index changes of 0.01. Also, based on a solid core fibre, a numerical study
showed an interferometric fibre sensor for terahertz frequencies (Cruz et al. 2013b).
The sensor was formed by a Singlemode-Multimode-Singlemode structure, and the
operation principle was based on multimodal interference in the multimode fibre. A
sensitivity of 5 GHz/RIU over a refractive index range of 1.4–1.5 was obtained. Apart
from the chemical sensors listed, several sensing schemes based on Bragg gratings
have also been proposed for strain sensing (Hefferman et al. 2015), distributed sensing
(Chen et al. 2015), and thickness monitoring (Yan et al. 2013).
Terahertz Bragg fibres also have been used as sensors (Cao et al. 2019, Li et al. 2017b).
Cao et al. (2019) showed an interesting result regarding a 3D printed terahertz Bragg
fibre as a resonant fluidic sensor. There, a modal analysis for the rectangular Bragg fi-
bre, Fig. 3.11(i), was numerically studied with a defective layer located in the reflective
Bragg structure. This layer simulates the region filled by the fluid analyte to be charac-
terized. The spectral changes in the resonant absorption peaks were investigated as a
function of fluid RI using a continuous-wave terahertz spectroscopy system. An sensi-
tivity of 110 GHz/RIU was achieved, Fig. 3.11(ii). A study by Li et al. (2017b) showed
the application of a 3D printed terahertz Bragg fibre as a powder and thin-film sensor
with sensitivity close to 0.1 GHz/µm.
Hollow-core fibres and hollow-tubes present resonant characteristics in its spectral
transmission. Many sensors in the optical and terahertz regimes have been proposed
based on antiresonant mechanism. The resonant peaks present in the waveguide spec-
tral transmission are sensitive to refractive-index variations inside and outside the core,
leading to shifts in their resonant frequency. For powder and vapor detection, for ex-
ample, a glass tube waveguide was presented by You et al. (2012), where, the hollow-
tube was filled with ammonia, acetone, HCl, and water separately. The changes in
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Figure 3.12. Schematic of the all-terahertz fibre scanning near-field microscope. Here, (ii) and
(iii) are terahertz near-field absorption coefficient images of the breast tissue sections,
cancerous and normal samples, respectively. Also, (iv) and (v) are photomicrographs
of the corresponding breast tissue, (Islam et al. 2020a).
the tube spectral transmission showed a limit of molecular density around 1.6 nano-
mole/mm3 and sensitivity around 22.2 GHz/RIU. Other work (You et al. 2010) demon-
strated a hollow-tube based sensor to analyse subwavelength-thick molecular over-
layers in the fibre core. The lowest thickness detectable was about 2.9 µm of aqueous
concentrations of carboxy polymethylene powder (carbopol) (You et al. 2010). Plas-
monic fibre (Hassani and Skorobogatiy 2008), sapphire fibre (Katyba et al. 2018) and
a large number of numerical studies have shown promising fibre designs for sensing
of alcohol and petroleum derivatives (Sultana et al. 2018a, Islam et al. 2018j), chemical
agents (Sultana et al. 2018a, Islam et al. 2018j, Ahmed et al. 2019, Islam et al. 2017a, Is-
lam et al. 2018j), for example, but further practical results on fibre sensing applications
are still needed.
3.2.9 Fibre-based terahertz imaging
A considerable number of terahertz imaging and spectroscopy systems were demon-
strated over the last twenty years (Islam et al. 2018a, Mei et al. 2019, Mittleman et al.
1999, Mittleman 2018). Among the different approaches to near-field imaging, fibre-
scanning systems have been proposed as a powerful non-destructive testing option,
investigation of concealed objects, and endoscopy (Mittleman 2018). Lu et al. (2008)
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proposed a terahertz scanner using a subwavelength plastic fibre as a probe. The imag-
ing system consisted of a polyethylene solid core fibre, a continuous wave Gunn os-
cillator, and a Golay cell. In this system, one end of the fibre was free to move, and
the other end was fixed. This configuration was suitable for scanning a 6× 6 cm2 area,
and allowed measuring the terahertz transmission through transparent samples, such
as dry seahorses and fish, and concealed objects, Fig. 3.12.
A study on fibre based terahertz near field microscopy was carried out to diagnose
breast tumors (Chen et al. 2011b) where the bulls eye corrugated structure designed
to enhance the spatial resolution. This imaging system was capable of being intercon-
nected with an optical microscope, and samples were able to be observed simultane-
ously, where images of cancerous cells and healthy tissues could also be distinguished.
Based on the same principle, equivalent systems were used to diagnose breast tumors
and liver cancer in Chen et al. (2011b), Hua et al. (2013). A fibre based in-vivo detection
system of breast cancer was also reported where the system has the ability to detect
cancer before it was evident with other techniques (Chen et al. 2011a). Their study in-
dicates that the system has the potential to be used in a pre-clinical investigation of
cancer, and other applications in terahertz microscopy. Other fibres as metamaterial
fibres (Tuniz et al. 2013) and sapphire fibres (Katyba et al. 2019) have also been studied
as potential subdiffraction imaging probes for terahertz near-field systems.
3.3 Future work
Free-space terahertz wave propagation is still widely used, but terahertz waveguides
and, in particular, optical fibres are gaining increasing attention. Their importance is
related to the concept of developing complex terahertz configurations that potentially
combine sources and detectors with a reliable and simple way of terathertz transmis-
sion. Many materials and optical fibre geometries have been studied and analysed
and most promising results indicate the use of low loss polymers to manufacture fi-
bres where most of the transmitted power can be guided in air. Antiresonant fibres
stand out among other hollow-core fibres, due to their robustness to fabrication toler-
ances, geometrical simplicity, and hence fabrication feasibility. Combining simplicity
and low attenuation with high bandwidth, single-mode guidance, and low dispersion
is, for most applications, the main target. fibres possessing composite cladding, with
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metamaterial inclusion, better confine the terahertz signal (Li et al. 2016a), and fibres
with helically twisted to guide modes with orbital angular momentum are two of the
most exciting directions for actual and near future investigations.
Different manufacturing techniques are being used to produce such fibres, but 3D
printing technology represents a clear advantage in terms of cost, time, easiness, and
potential for manufacture of speciality fibres (Cruz et al. 2018) already integrated with
other components required for a particular application. The use of filaments, made of
low loss polymers, is required, but they are not always available commercially. An-
other clear drawback is the poor surface roughness of 3D printed fibres when low-cost
desktop printers are used. It should be noted that sophisticated 3D printers able to
produce higher quality samples usually require proprietary filaments preventing the
direct usage of special polymers. Post-processing a 3D printed fibre is likely an excel-
lent strategy to enhance its quality (roughness, layers adhesion, transparency, etc.).
Here we can include the concept already applied to produce 3D printed fibres for
the optical and infrared regime (Talataisong et al. 2018), i.e., printing a fibre preform
and subsequently drawing it to a fibre stage. Extrusion is another powerful technique
that is likely to be applied to mass production of high-quality specially designed THz
optical fibres. There, the whole fibre cross-section can be produced simultaneously
(Atakaramians et al. 2009a)—different from 3D printing or stacking-and-draw, for ex-
ample. Simple and complex waveguides can be obtained by carefully designing the
extrusion die, ram speed and furnace temperature profile. Extrusion of fibre projects
with intrinsic low confinement loss due mostly air guidance, and while using low ter-
ahertz loss materials, is an interesting route to be wider explored.
Due to their large overall dimensions, with external diameters as big as 10 mm in some
situations (Yang et al. 2016, Lai et al. 2009), some terahertz fibres are not mechanically
flexible and this reduces the practical interest in applications requiring long waveg-
uide lengths. Investigating ways of producing flexible fibres via selection of the re-
quired mechanical properties the fibre material and the fibre geometry (such as fibres
with high air filling fraction and thin external jackets), as well as studying waveguide
curvature loss will help develop this field further. Combining special coatings such as
graphene (Mittendorff et al. 2017) could extend the functionalities of terahertz fibres
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and will likely be a hot topic in this vibrant research area.
Terahertz waves have been demonstrated as promising technology to non intrusive
analysis in biological, medical, chemical, and industrial applications. However, com-
pact, portable, cost effective and robust devices need to be developed. In this scenario,
the terahertz optical fibres, usually fabricated in short lengths, represent a challenge
and a great opportunity to make such devices a reality.
3.4 Conclusion
The work on terahertz optical fibre discussed throughout this chapter combines, the
analysis of suitable materials that can be used to make a low loss terahertz optical fibre;
a comprehensive review of various geometry including the micro-structured photonic
crystal fibre, the hollow-core fibre, the antiresonant fibre and the metamaterial-based
fibres; the guiding mechanism of each type of fibres; an analysis of different method-
ology of fibre fabrication and characterization; and finally an outline of suitable appli-
cation areas with further directions of future work.
From the analysis of various glasses and polymers, it has been found that polymers
perform better as compared to glasses. From the polymers, the Zeonex, Topas, TPX,
Teflon and HDPE show comparatively lower absorption losses and therefore suitable
to be considered as a building material of terahertz optical fibre.
Various geometries of terahertz optical fibres including their guiding mechanisms have
been reviewed and discussed. This fibre includes the hollow pipe waveguides (poly-
mers/metals), microstructured optical fibres including hollow-core and porous-core,
the hollow-core photonic bandgap fibres and the antiresonant terahertz fibres. From
the discussion, it can be noted that every fibre has some advantages and disadvantages
and there is a trade-off between low loss, bandwidth and fabrication feasibility. For ex-
ample, hollow-core fibre can provide low loss terahertz guidance and comparatively
simple fabrication at the expense of low bandwidth of operation. On the other hand,
porous fibre can provide larger bandwidth but with higher loss and increased fabri-
cation complexity as compared to hollow-core fibres. Metamaterial-based waveguides
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are still in their infancy by comparison.
The various fabrication methodologies discussed in the manuscript indicate the pos-
sibilities of fabricating various geometries of terahertz optical fibres. For example, as
discussed in section 6, the drilling method is suitable for fabricating circular hole pat-
terns only, whereas the extrusion and 3D printing technique can fabricate any type of
complex and asymmetric fibre geometries. The most common method for terahertz fi-
bre characterization is the use of THz-TDS where different optics setups can be used to
focus signal onto the fibre core. Among the various terahertz applications short-range
high throughput transmission, gas, and chemical sensing and imaging show signifi-
cant promise.
The following chapter shows our original contribution to terahertz transmission and
sensing using micro-structured optical fibre. We describe design mechanism, simula-
tion, and signal processing methodology of different symmetrical and asymmetrical







IN previous chapters we discussed material characterization, and performed a briefreview of terahertz optical fibres including the guiding mechanisms, fabrication
methodologies, and experimental procedures. In this chapter, we show our contribu-
tion to modelling and analysis on terahertz waveguides and sensors. Here, we briefly
discuss our proposed waveguides applicable for terahertz transmission and sensing.




4.1 Key contributions to terahertz waveguides
4.1 Key contributions to terahertz waveguides
After a brief literature review of terahertz waveguides, fabrication methods, and po-
tential applications we find that there is still a lack of suitable waveguides applica-
ble to low loss terahertz transmission, polarization preserving applications, and sens-
ing. Therefore, we propose novel symmetric and asymmetric waveguide structures
to achieve low transmission loss, high birefringence, near-zero dispersion, high core
power fraction, and high relative sensitivity.
4.1.1 Design, simulation, and signal processing methodology
The design and simulation of all our contributed waveguides are carried out using
the full vector Finite Element Method (FEM) method based on commercially avail-
able software COMSOL multiphysics. The Electromagnetic Waves, emw solver with a
Physics-controlled mesh sequence having an Extremely fine mesh element size is used
to get high accuracy output from the simulation software. A perfectly matched layer
(PML) boundary condition is considered at the outer surface to make the computa-
tional region finite. In all of our waveguide design we choose either Topas (COC) or
Zeonex (COP) because of their remarkable properties at terahertz, the details of mate-
rials are better described in Chapter 2 of this thesis.
4.1.2 Synopsis of the numerical method
In a terahertz waveguide, there are few limiting factors such as effective material loss
(EML), confinement loss, bending loss, and scattering loss that limits the transmission













where, ε0 and µ0 represent the permittivity and permeability in free space, αmat and
nmat indicate the bulk material loss and the RI of Zeonex, Sz implies the z-component
of Poynting vector Sz = 12(E×H
∗)z, here, E is the electric field component and H∗ is
the magnetic field component (Islam et al. 2017a).
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Confinement loss of an optical link is another important parameter that specifies the
radiation leakage from the waveguide. It depends upon the core porosity as well as
the number of hollow rings used in the cladding (Sultana et al. 2017a). Note that leak-
age of useful light occurs from the core to the cladding. The amount of light leakage
determines the confinement loss that can be calculated using the imaginary part of the







where, Lc indicates the confinement loss, f specifies the operating frequency, and
Im(neff) represents the imaginary part of the effective refractive index (Sultana et al.
2017a).
To ensure single mode operation of a circular cored PCF the normalized frequency or





n2co − n2cl ≤ 2.405 (4.3)
where, nco and ncl are the refractive indexes of the core and cladding respectively. The
value of nco is equal to the effective refractive index (neff) of the porous core. The
value of ncl should be more than 1 (Islam et al. 2017d) as the cladding not only con-
sists of air but also on the used background material. Here, r defines the core radius
(Islam et al. 2017d).
In order to use a PCF in a multi-channel communication link the dispersion charac-
teristics should be as flat as possible. If the fibre has flattened dispersion properties,
several signals from the source arrive at the destination nearly simultaneously. In our
calculation only the waveguide dispersion has been considered while the material dis-
persion is neglected because the selected materials used to design our waveguides has
negligible dispersion (Sultana et al. 2017a). The dispersion parameter of a fibre can be












Here, β2 indicates the dispersion, c indicates the speed of light, and ω represents the
radian frequency (Islam et al. 2016a).
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The area covered by the mode fields inside the core region can quantitatively be mea-









where, I(r) = |Et|2 represents the amount of transverse electric field spreading in the
PCF (Islam et al. 2016a).
For broad sensing application a wide numerical aperture (NA) is desirable and is
achieved when the refractive index difference between the core and cladding of a PCF
can be made larger. The NA can be quantified by the following equation,
NA =
1√




where, Aeff represents the effective area of a PCF (Chowdhury et al. 2017).
To understand the performance of a PCF into sensing applications, it is important to
calculate the relative sensitivity. Sensitivity is a measure of the amount of interaction





where, R is defined as the relative sensitivity, nr is refractive index of the chemical
need to be detected, neff represents the effective refractive index, and P represents the
percentage of interaction of light with the chemicals in the core holes to be sensed
(Islam et al. 2017a).
According to Poynting’s theorem the equation of calculating the fraction of power
present in the core holes can be defined as,
P =
∫
sample Re(ExHy − EyHx) dxdy∫
total Re(ExHy − EyHx) dxdy
× 100 (4.8)
where, Ex, Ey and Hx, Hy are the transverse electric and magnetic field of the guided
mode respectively. The integration of the numerator is carried out for the samples to
be sensed in the core region and the integration of the denominator is performed over
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the whole fibre region (Cordeiro et al. 2006).
Preserving the polarization state of a PCF is important in consideration to sensing ap-
plications; eliminating the polarization mode dispersion (PMD), as well as stabilizing
the operation of optical devices. Birefringence is a measure of the polarization states
of a fibre that is defined as the refractive index difference between the polarization
modes. It can be calculated by the following equation,
B = |nx − ny| (4.9)
here, B indicates the birefringence, nx represents the mode index in the x-polarization
mode and ny represents the mode index in the y-polarization mode (Islam et al. 2017a).
4.2 Waveguides for terahertz transmission
In this section, we discuss our reported waveguides as an application in terahertz
transmission. Our goal is not only to achieve low loss but also high birefringence,
and low and flat dispersion. For creating birefringence it is important to have asym-
metry among the polarization modes, therefore we use either elliptical, rectangular,
or circular air holes structured in a way so that it can create birefringence. There is a
trade-off between the loss and the birefringence when one increases another decrease
or vice versa.
4.2.1 A modified hexagonal photonic crystal fibre
We present a Zeonex based highly birefringent and dispersion flattened porous core
photonic crystal fibre (PC-PCF) for polarization preserving applications in the tera-
hertz region. In order to facilitate the birefringence, an array of elliptical shaped air
holes surrounded by porous cladding is introduced. The porous cladding comprises
circular air-holes in a modified hexagonal arrangement. The transmission character-
istics of the proposed PCF are investigated using a full-vector finite element method
with perfectly matched layer (PML) absorbing boundary conditions. Simulation re-
sults show a high birefringence of 0.086 and an ultra-flattened dispersion variation of
±0.03 ps/THz/cm at optimal design parameters. Besides, a number of other impor-
tant wave-guiding properties including frequency dependence of the effective material
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loss (EML), confinement loss, and effective area are also investigated to assess the fi-
bre’s effectiveness as a terahertz waveguide.
Highly birefringent and dispersion flattened terahertz optical waveguides have drawn
growing interest nowadays as alternatives to free-space transmission. Since the tera-
hertz region is situated between the technologically well-developed microwave and
infra-red regions, it is amenable to generation and detection techniques from both
fields. Terahertz waves also enable a wider bandwidth than microwave frequencies,
making it a superior candidate for high-speed short-range communications, and sens-
ing, especially for label-free and non-invasive molecular detection. However, the prac-
tical implementation of terahertz is limited because most of the terahertz transmis-
sion systems are bulky and mostly dependent on free space for wave propagation. In
the case of free space propagation, many undesirable losses can be introduced due
to coupling with other components, transporting and managing terahertz beams, etc.
As a primary solution, prior studies have proposed several waveguides including
parallel plates, metallic wires, metal-coated dielectric tubes, polystyrene foams, sub-
wavelength polymer fibres, Bragg fibres, and hollow-core fibres (Islam et al. 2017d, Is-
lam et al. 2016a, Wang and Mittleman 2004). These all possess shortcomings due to
higher absorption loss, higher coupling loss, lower power fraction, and higher bend-
ing loss. As an improvement, porous core PCF (Chen et al. 2013, Atakaramians et al.
2009b, Atakaramians et al. 2009a, Hasanuzzaman et al. 2016, Islam et al. 2016b) has
gained considerable attention because of its versatility in enabling desired waveguide
properties. Note that a PCF’s geometrical parameters such as core diameter, core air
hole size, and shape, the distance between air holes, the frequency can be tuned and
optimized to obtain desired properties that enable low loss, controllable chromatic dis-
persion, high birefringence, and large modal effective area.
Several studies considered micro-structured porous core fibres for operation in the ter-
ahertz band. Atakaramians et al. (2009b), Atakaramians et al. (2009a) experimentally
characterized porous core PCFs of different geometries. Using Topas as the back-
ground material, they obtained a low birefringence with high dispersion variation in
the terahertz frequency band. Later studies examined a dual air hole unit based PCF
and showed a moderate birefringence of 0.033 (Hasanuzzaman et al. 2016). Next, with-
out significant improvement in birefringence, dual asymmetrical based PCF’s were
Page 68
Chapter 4 Terahertz waveguide: concepts and modelling
also proposed (Islam et al. 2016b, Islam et al. 2018d). Furthermore, Wu et al. (2016)
proposed a PCF and obtained a low birefringence with high dispersion variation. Re-
cently, for further improvement of birefringence and dispersion properties, we pro-
posed a PCF that consists of a regular hexagonal cladding with many elliptical air
holes in the core (Sultana et al. 2018b). By considering a large length of elliptical-
shaped air holes, we obtained a high birefringence of 0.086 with dispersion flatness
of ±0.07 ps/THz/cm in the terahertz frequency range. However, such a central el-
liptical air hole of the PCF almost crosses the core boundary and further adds to the
fabrication challenge.
Considering all of the aforementioned issues (Atakaramians et al. 2009b, Atakarami-
ans et al. 2009a, Hasanuzzaman et al. 2016, Islam et al. 2016b, Islam et al. 2018d) and lim-
itations realized from our previous publication on highly birefringent PCF (Islam et al.
2018f) the motivation here is to design a highly birefringent, dispersion flattened fibre
that eases the fabrication challenge. The novelty is introduced by applying elliptical-
shaped micro-array based air holes inside a modified hexagonal lattice. The research
goal is to achieve a fabrication friendly PCF with high birefringence and negligible
dispersion variation.
As shown in Fig. 4.1(a), the air hole diameters (d) in the cladding region are all equal.
The core region consists of an array of nine elliptical air holes. The elliptical air holes
are used in order to create asymmetry in both the x and y polarization modes. This is
because, as the asymmetry of a PCF increases, the birefringence also increases. More-
over, we create asymmetry in the cladding region by removing two air holes from the
first ring of it. In Fig. 4.1(a), Dcore indicates the area of the core region, a and b indi-
cate the length and width of the elliptical air holes. The air filling fraction (AFF) at the
cladding region is maximized to 0.94 because further increase tends to overlap the air
holes that leads to fabrication difficulties. The pitch distance in horizontal and vertical
directions of the core region is defined as pc and pc1 . The total fibre diameter is 3.2
mm. Cyclo-olefin Polymer (COP) commercially named as Zeonex is chosen as the bulk
material because of its unique suitable optical characteristics in terahertz .
The electric field distribution of the proposed fibre at 1.1 THz frequency is shown
in Fig. 4.1(b–g). For x-polarization the effective refractive index for the fundamental
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Figure 4.1. Development of Hexagonal PCF for terahertz transmission. (a)Schematic of the
proposed structure. (b). E- field distribution for core air hole width of (b) 25 µm, x-
pol (c) 25 µm, y-pol (d) 33 µm, x-pol (e) 33 µm, y-pol (f) 41 µm, x-pol (g) 41 µm, y-pol.
(h) Birefringence, (i) Dispersion, (j) effective material loss, (k) and confinement loss,
as a function of frequency (Islam et al. 2018h).
mode is 1.179 and as the core structure is asymmetric the waveguide will have a dif-
ferent refractive index in the y-polarization. The refractive index of the y-polarization
is 1.265. The E-field distribution of the PCF indicates that some other modes can be
present in the waveguide but for those modes the light pulse will propagate outside
the core area (Islam et al. 2017a). So, when light is launched at the center of the PCF
only the fundamental modes will get excited, resulting in single mode operation.
From Fig. 4.1(h) it can be observed that birefringence increases with core air hole width
reduction where maximum birefringence is obtained at b = 25 µm. The one reason is,
as core air hole width reduces the refractive index difference between the x and y po-
larization mode increases. The other reason is that, at higher b the mode field starts to
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de-localize from the core and starts penetrating through the cladding. It is observed
that the highest birefringence of 0.086 is obtained at 1.1 THz and then starts decreasing
with further increase of frequency. This happens because at higher frequencies than
1.1 THz the scattering behaviour of a PCF increases but at the same time the incremen-
tal rate of refractive index difference of the orthogonal polarization modes decreases.
Thus, we choose 1.1 THz as optimum design condition of the PCF. Please note that,
we cannot reduce the b value further than b = 25 µm because that causes the fibre
to be converted into solid core that will significantly increase the EML. Therefore, we
choose b = 25 µm as optimum where the birefringence is highest as compared to other
b values. PCF with such highly birefringent property have potential for application in
sensing, filtering and medical imaging applications.
Fig. 4.1(i) indicate the characteristics of dispersion with respect to frequency and other
optimum design parameters. It can be observed that the dispersion at x-polarization
is more flat than the dispersion of y-polarization therefore we choose x-polarization as
optimum. At x-polarization an ultra-flattened dispersion variation of±0.03 ps/THz/cm
is obtained at a bandwidth of 800 GHz. Note that, a flattened dispersion profile of a
PCF allows multi chromatic signals to travel with nearly equal group delay.
At different elliptical air hole width (b), the amount of EML with respect to frequency
for both x and y-polarization is characterized and shown in Fig. 4.1(j). It can be seen
that the EML in y-polarization is larger than x-polarization and from Fig. 4.1(b–g) it can
be seen that there may be a significant amount of scattering loss in the y-polarization,
and this is another reason of choosing x-polarization as an optimum design parame-
ter. It can also be observed that EML decreases when b increases because such increase
of b decreases the amount of material from the core. Fig. 4.1(j) indicate that EML in-
creases linearly with frequency that meets the theoretical equation of calculating bulk
material absorption loss of a fibre, α(ν) = ν2 + 0.63ν− 0.13, dB/cm, where ν is the nor-
malized frequency (Islam et al. 2017d). At optimum design parameters the obtained
EML is 0.065 cm−1 that is better than previously reported (Chen et al. 2013, Hasanuz-
zaman et al. 2016) highly birefringent PCFs.
Fig. 4.1(k) shows the characteristics of confinement loss with respect to frequency. It
can be seen that confinement loss decreases with the increase of frequency. This is
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because, as frequency increases the mode fields begins to confine more strongly in
the porous core region. At optimal design parameters, the obtained confinement loss
is 3.8 × 10−9 cm−1 that is lower compared to optical waveguides (Chen et al. 2013,
Atakaramians et al. 2009b, Atakaramians et al. 2009a, Hasanuzzaman et al. 2016, Is-
lam et al. 2016b, Sultana et al. 2018b, Woyessa et al. 2017). A terahertz PCF with such
low confinement loss is suitable for terahertz functional applications, mainly in tera-
hertz integration systems.
Reference Material Birefringence Disp. (ps/THz/cm) CL, (cm−1)
(Atakaramians et al.
2009b)
Topas 0.026 ±0.07 -
(Atakaramians et al.
2009a)
Topas 0.012 − −
(Islam et al. 2016b) Topas 0.045 ±0.26 0.08
(Islam et al. 2018d) Zeonex 0.063 ±0.02 5.45× 10−13
(Wu et al. 2016) Topas 0.03 ±0.4 4.34× 10−4
This Thesis Zeonex 0.086 ±0.03 3.8× 10−9
Table 4.1. Comparison of obtained result between the proposed PCF with prior PCFs. Show-
ing the material used, and other optical properties.
Table 4.1 shows the characteristics comparison of the proposed PCF with prior PCFs.
It can be observed from the obtained characteristics of the proposed PCF that, it shows
improved optical characteristics including birefringence, dispersion, and transmission
losses over prior PCFs that is desirable for efficient transmission as well as polarization
preserving applications of terahertz waves.
In this particular research work, a single mode PCF with high birefringence and negli-
gible dispersion flatness has been designed and analysed for terahertz wave guidance.
To attain high birefringence, the symmetry between the x and y polarization mode has
been broken using elliptical structured air holes. The designed waveguide shows an
ultra-high birefringence of 0.086 at 1.1 THz and an ultra flattened dispersion variation
of ±0.03 ps/THz/cm within a broad spectrum. In addition, low EML of 0.065 cm−1
and negligible confinement loss of 3.8× 10−9 cm−1 has also been obtained at optimal
design conditions. Photonic crystal fibre with such highly birefringent and low loss
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property is suitable for polarization preserving, sensing, filtering and short distance
faster transmission of terahertz waves. Moreover, the near zero flattened dispersion
property is suitable for multichannel communication application where the chromatic
signals have nearly equal pulse spreading. It is expected that existing fabrication tech-
nologies can be used to produce this PCF for industrial applications.
4.2.2 Zeonex based asymmetrical terahertz photonic crystal fibre
We report on the design, in-depth analysis, and characterization of a novel elliptical
array of core-based photonic crystal fibre (PCF) for multichannel communication and
polarization-maintaining applications of terahertz waves. The asymmetrical structure
of air holes both in core and cladding makes the birefringence higher and the com-
pact geometrical structure, as well as different size of cladding air holes, makes the
dispersion properties flat. The simulated results show a near-zero dispersion flattened
properties of±0.02 ps/THz/cm, high birefringence of 0.063, low effective material loss
(EML) of 0.06 cm−1, and negligible confinement loss of 5.45× 10−13 cm−1 in the tera-
hertz frequency range. Additionally, the core power fraction, effective area, physical
attributes, and fabrication possibilities of the fibre are discussed. With such attractive
waveguiding properties the proposed terahertz PCF can potentially be applied in effi-
cient and convenient transmission of terahertz waves.
To use fibre efficiently in multichannel communication and polarization-maintaining
applications, numerous PCF have been proposed in recent years (Sultana et al. 2017a,
Islam et al. 2018a, Islam et al. 2016a, Islam et al. 2016c, Islam et al. 2017b). In 2009, an
experimental study on dispersion properties of a porous core fibre was investigated by
Atakaramians et al. (2009c). They also investigated different shapes of PCF structure
including circular and rectangular shaped to obtain the characteristics of birefringence
and dispersion (Atakaramians et al. 2009b). Later, to obtain high birefringence and
flat dispersion a slotted core circular cladded PCF was proposed (Islam et al. 2015).
They obtained a high birefringence of 0.075, but with a high dispersion variation of
±0.5 ps/THz/cm. An oligo-porous core PCF with asymmetric hexagonal lattice was
also proposed by Wu et al. (2016), however it failed to improve birefringence and the
dispersion property of the fibre. Recently, Luo et al. (2017) proposed a square lattice
PCF for flattened dispersion and high birefringence. They obtained a birefringence
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Figure 4.2. Development of asymmetrical terahertz waveguide. Schematic and mode field pat-
tern of the proposed structure, (a). Birefringence for ellipse minor axis variation, (b).
Effective material loss (EML) at different minor axis length of elliptical air holes (b) at
both x- and y-polarization modes, (c). Confinement loss at both x- and y-polarization
modes, (d). Dispersion variation for x− and y−polarization modes, (e). Experimental
set-up procedure of the proposed PCF using THz-TDS, (f), (Islam et al. 2018d).
of 0.063 with dispersion variation of ±0.12 for x-polarization mode and ±0.08 for y-
polarization mode. Therefore, after analysing the literature for flattened dispersion
and highly birefringent fibre it is found that there is a large scope for PCF improve-
ment in case of dispersion variation and birefringence. Hence, we propose a novel
PCF consisting of rectangular-shaped air hole based cladding and an elliptical array
of air hole based core. The research aim is to flatten the dispersion and increase the
birefringence with the reduction of confinement loss. One of the greatest advantages
of the proposed PCF is its extraordinary simplicity and thus feasible to fabricate using
the state of the art fabrication technology. The proposed PCF structure combines an
array of elliptical air holes in the core with a slotted cladding structure, where asym-
metries in both the core and cladding are utilized to increase the birefringence.
Page 74
Chapter 4 Terahertz waveguide: concepts and modelling
In the cladding region of Fig. 4.2(a), the rectangular slot lengths are defined as L, L1,
L2, L3 and L4 in above and below as well as both side of the core. The defined lengths
are 1200 µm, 3000 µm, 2700 µm, 2000 µm and 1000 µm respectively. Here, W and P
indicates the slot width and pitch distance, centre to centre distance between air holes,
which are same for each rectangular air holes. Considering the fabrication difficulties,
the pitch P and slot width W are fixed at 280 µm and 270 µm respectively.
The core region of the PCF is defined as Dcore. The major axis length and minor axis
length of the elliptical-shaped air holes inside Dcore are defined as a and b. Consider-
ing the fabrication conditions we fixed a maximum major axis length of 142 µm and
by doing such we were able to increase the index difference between the polarization
modes and thus increases the birefringence. However, we varied the minor axis length
of b to investigate the fibre characteristics in b. The maximum allowable minor axis
length is 63 µm and further increase may overlap the air holes and create fabrication
difficulties. Therefore, the core pitch distance of Pc was set to 65 µm to allow sufficient
distance between the elliptical air holes. In our proposed PCF the core length is 400 µm
while the core width is 300 µm. The total fibre diameter including the PML is 3.9 mm.
Birefringence is an important parameter for polarization-maintaining terahertz appli-
cations. It mainly depends upon the air hole structures of the fibre. The more asym-
metry can be made in the x and y polarization mode, the higher the birefringence. The
birefringence property is characterized by different minor axis length (b) of elliptical
air holes that are shown in Fig. 4.2(b). We have seen that birefringence increases with
the reduction of b. It is also seen that birefringence increases with the increase of fre-
quency. As the core air hole width decreases, the index difference between the x and
y-polarization mode increases that causes the increment of birefringence.
The EML as a function of frequency and different (b) is shown in Fig. 4.2(c). It is ob-
served that EML decreases with an increase of (b). The increase of (b) increases the
amount of air and reduces the amount of material from the core that causes the EML
to be reduced. It is also observed that EML increases with the increase of frequency.
This phenomenon is true because it meets the theoretical consequences of calculating
material absorption loss concerning frequency. The empirical equation of calculating
EML is given by α(ν) = ν2 + 0.63ν − 0.13, cm−1. It can also be seen that the EML
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in y polarization mode is lesser than the x polarization mode because from the mode
profile it can be observed that in y polarization less amount of light is transferred to
the cladding region and background material and a major portion of the signal passing
through core air holes.
Confinement loss of a fibre determines the length of signal transmission in a terahertz
optical waveguide. It depends upon the core porosity and the number of rings used in
the cladding. The characteristics of confinement loss with the variation of frequency
are demonstrated in Fig. 4.2(d). It can be observed that confinement loss is decreasing
concerning frequency. This is because at higher frequencies the mode fields confine
more tightly into the core region and hence the confinement loss reduces. At optimal
design conditions, the obtained confinement loss is 5.45× 10−13 cm−1 which is trivial
as compared to the obtained EML.
In optical communication systems, multiplexing techniques came into existence to in-
crease the information-carrying capacity of a channel. However, the main limiting
factors are dispersion and fibre nonlinearity. In a conventional silica-based fibre, dis-
persion increases with wavelength, and thus different optical channels suffer different
amounts of pulse broadening. One of the solutions is to use a dispersion compensator
in reshaping the signals but it requires repeaters after a particular distance (Babita and
Rastogi 2013). To overcome these difficulties fibres with low finite dispersion and neg-
ligible dispersion flatness are required. The flat dispersion property helps the number
of input signals of a multichannel communication system to be transmitted through
the fibre with minimum pulse broadening and thus increases the channel capacity.
In designing the PCF our main motivation was to flatten the dispersion property. Dis-
persion originates from the waveguide structure, as well as from the material itself.
Zeonex exhibits negligible material dispersion in the terahertz frequency range there-
fore the effect of material dispersion was ignored. Hence we calculated the waveguide
dispersion that mainly depends on the geometrical structure of the fibre. In Fig. 4.2(e)
the dispersion variation of the proposed PCF with respect to frequency is shown. It
is seen that there is a broad difference between the x and y polarization mode. This
is true because the PCF structure is asymmetrical so the characteristics difference will
be larger. We have seen that for x and y-polarization modes the dispersion variations
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are ±0.45 ps/THz/cm and ±0.23 ps/THz/cm for the frequency range of 0.6–1.5 THz.
However, we choose the bandwidth 1.05–1.5 THz in the y-polarization mode as the
operating band because in that region the dispersion variation is ±0.02 ps/THz/cm
that is the lowest for any proposed terahertz PCF. Note that the obtained dispersion
value is suitable for multichannel communication applications, as dispersion limits in-
formation rate.
It is important to mention the fabrication possibilities of a PCF. The proposed fibre con-
sists of an elliptical array of the core inside a slotted air hole based lattice. Note that
an extrusion technique for slotted structured air holes has already been carried out by
Atakaramians et al. (2009a), Atakaramians et al. (2009b). Besides, the elliptical-shaped
air holes are fabricated by Issa et al. (2004). Moreover, using methyl methacrylate
(MMA) monomer polymerization method Liu et al. (2011) fabricated elliptical-shaped
air holes. A recently published article on PCF mentioned that the elliptical-shaped air
holes can be fabricated easily using the existing fabrication technique (Sultana et al.
2018b). Besides, micro-structured polymer optical fibre with asymmetric air holes
are feasible to fabricate with the 3D printing technology (Ebendorff-Heidepriem and
Monro 2007, Ebendorff-Heidepriem et al. 2014).
The experimental characterization procedure for all types of terahertz fibres is shown
in Fig. 4.2(f). Using terahertz time-domain spectroscopy (THz-TDS) the terahertz prop-
erties of fibres can be characterized (Atakaramians et al. 2009c, Atakaramians et al.
2009a). A mode-locked Ti: sapphire laser can be used to drive the emitter and detector
of the THz-TDS. The emitter can be a photoconductive antenna array (Wächter et al.
2007) while the detector can be a dipole antenna. The fabricated fibre can be placed be-
tween the emitter and the detector. The fibre tip needs to be placed close to the emitter
and detector. Here, the delay stage is used to enable sampling of terahertz pulses in
the time domain.
Tab. 4.2 shows a comparison of characteristics between the proposed PCF and previ-
ously proposed terahertz PCFs. It is clearly observable that, the proposed PCF achieves
better terahertz characteristics than the prior PCFs.
A novel Zeonex based near-zero dispersion flattened and highly birefringent PCF is
designed and analysed for possible application in the terahertz frequency band. The
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1 ±0.5 0.075 0.07 0.034
(Hasan et al.
2016)
1 ±1.42 0.048 0.085 4.40× 10−4
(Islam et al.
2016b)
1 0.98± 0.39 0.045 0.08 -
(Wu et al. 2016) 3 0.2− 1 0.03 0.06 4.34× 10−4
(Islam et al.
2016b)
0.7 ±0.55 10−2 0.07 4.34
(Rana et al. 2017) 0.5 ±0.5 − 0.0103 3.8
(Luo et al. 2017) 1 ±0.12 0.063 0.081 3.6× 10−2
This paper 1.1 ±0.02 0.063 0.06 5.45× 10−13
Table 4.2. PCF comparison. Our proposed PCF is compared against pre-existing PCFs in the
literature demonstrating improved optical performance.
proposed fibre shows two promising properties one is near zero flat dispersion and the
other is high birefringence. The obtained near-zero dispersion flattened characteristics
of ±0.02 ps/THz/cm is suitable for multichannel communication application where
different optical pulse experiences nearly equal pulse broadening. Moreover, the high
birefringent of 0.063 and low loss characteristics of the PCF is suitable for polarization
preserving applications, especially for long-distance sensing and filtering. The com-
mercial deployment of the fibre is easy as it is feasible to fabricate with the existing
fabrication technology. Therefore, it is anticipated that the proposed PCF will create a
new window for next-generation terahertz research.
4.2.3 Other proposed waveguides for low loss terahertz transmission
In this section we focus on our other proposed waveguide that are mostly based on
arrangement of circular shaped air holes. The cross section of the waveguide structures
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Figure 4.3. Terahertz waveguides for low loss terahertz transmission. Photonic crystal fibre
(PCF) proposed to reduce transmission loss of electromagnetic (and especially terahertz)
waves include a hybrid core in a regular hexagonal cladding (a), a hybrid core in a
modified hexagonal cladding (b), a rotated hexagonal core in a circular cladding (c),
and a diamond-shaped core in a kagome cladding (d), (Islam et al. 2018g, Islam et al.
2018b, Islam et al. 2018h).
are shown in Fig. 4.3.
Dramatic reduction of the material absorption loss caused by the bulk material used in
the background of a PCF is possible through (a) a hexagonal cladding and hybrid struc-
tured core; (b) a modified hexagonal cladding in which the air holes from each edge are
removed, reducing loss and improving birefringence; (c) a circular-clad PCF waveg-
uide with rotated hexagonal core; and (d) a kagome-clad PCF that reduces confinement
loss 3–4X more than other competing PCF structures. The latter kagome configuration
reduces loss by a factor of 3–4X more than the other reported cladding structures. The
reason being that kagome cladding has the ability to constrict more light inside the
core and restrict light from going further towards the cladding.
Page 79
4.3 Terahertz waveguides for sensing applications
4.3 Terahertz waveguides for sensing applications
In this section, we demonstrate that terahertz optical fibres can be used as a chemical
sensor. Two sensor geometry is broadly discussed. One is based on kagome cladding
with a rectangular array of core and the other is based on a rectangular air hole-based
hollow sensor. In the end, we also discussed the mechanism of how a terahertz optical
fibre can be used as a sensor.
4.3.1 A novel approach for spectroscopic chemical identification
In a kagome-based waveguide design we show that the terahertz optical fibres can be
used as a sensor, the schematic, and achieved results are shown in Fig. 4.4. We choose
a kagome structure in the cladding due to superior transmission bandwidth as well as
very low confinement loss in a broad frequency range (Hossain and Namihira 2014)
over Bragg fibre (Wang et al. 2011). In various PCF sensors, it is important yet chal-
lenging to preserve the polarization state (Ademgil and Haxha 2015) because of sen-
sitivity increases for highly polarized fibre. It is difficult to maintain the polarization
states in circular-shaped air holes in the core due to various factors as mentioned in
(Sharma et al. 2013). Therefore, to preserve the polarization state effectively, it is nec-
essary to apply asymmetric air holes in the PCF. Several PC-PCF with asymmetric
structured air holes were proposed (Ademgil and Haxha 2015, Paul et al. 2017a) earlier
but none of them achieved high birefringence with high relative sensitivity. Keeping
that in mind, we propose rectangular structured air holes inside the core with kagome
cladding. The rectangular structure is responsible for increasing the birefringence and
the compact geometry of the PC-PCF facilitates high sensitivity as well as flat disper-
sion characteristics.
The schematic of the proposed kagome based asymmetric fibre structure, the intensity
of signal interaction with the analytes (water, ethanol & benzene), relative sensitivity,
and other fibre properties is shown in Fig. 4.4(a-f). It can be seen that terahertz strongly
interacts with the liquid inside the core holes. To characterize the modal characteris-
tics, we can observe the light propagation for both x and y polarization modes. It can
be seen that only the fundamental modes propagate through the core area. However,
as the waveguide structure is asymmetric, this will produce both birefringence and
modes that result in light propagated outside the core area (Rana et al. 2017). So when
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Figure 4.4. Asymmetric porous waveguide for transmission and sensing. Schematic of the
proposed structure, (a). Mode field propagation in x-direction (b), and in y-direction
(c). Birefringence (d), relative sensitivity (e), and confinement loss (f) as a function
of frequency for the analyte of water, ethanol, and benzene respectively (Islam et al.
2017a).
a light pulse emerges at the center of the waveguide only the fundamental modes will
be excited and the proposed PCF sensor will operate in the single-mode condition.
The birefringence obtained from the fibre structure for different analyte solution is
shown in Fig. 4.4(d) which indicate that because of the asymmetric fibre structure the
birefringence is higher. This can be helpful for terahertz sensing, the reason of why a
birefringent fibre is required for terahertz sensing is discussed in the later Section 4.3.3.
The relative sensitivity, that obtained from core power fraction, and effective refractive
indices of the waveguide are investigated for both x and y polarization. The detail of
sensing performances is discussed in the published paper (Islam et al. 2017a). From
where it can be seen that sensitivity in the y-polarization mode increases than the x-
polarization because light interacts more strongly in the y-polarized mode than the
x-polarization. Confirmation of this is seen in Fig. 4.4(b-c) where it is observed that the
interaction of light and analytes is better in y-polarization mode than the x-polarization
mode. The relative sensitivity obtained for the y-polarization for water, ethanol, and
benzene is 85.6%, 85.7%, and 85.9% respectively. To the best of our knowledge, at the
Page 81
4.3 Terahertz waveguides for sensing applications
time the paper was published this was the highest relative sensitivity obtained for any
kind of sensor proposed for chemical sensing application in the terahertz frequency
range.
The property of confinement loss to the frequency at optimum design parameters is
shown in Fig. 4.4(f). It can be observed that confinement loss decreases with the in-
crease of frequency. The interaction of the evanescent field with the sensing chemicals
increases with frequency and thus the confinement loss decrease. The obtained con-
finement loss for water, ethanol and benzene are 4.5 × 10−9 cm−1, 1.7 × 10−9 cm−1,
and 1.02× 10−9 cm−1 respectively.
Reference Operating Relative Dispersion CL (cm−1) Birefringence
Region Sens.(%) (ps/THz/cm)
(Ademgil 2014) 1.5 µm 25.1 - 1.3× 10−4 -
(Ademgil and
Haxha 2015)
1.5 µm 23.75 - 5.5× 10−5 -
(Arif et al. 2016) 1.33 µm 48.5 - 10−9 -
(Paul et al. 2017b) 1.33 µm 67.66 - 7.5× 10−12 -
(Asaduzzaman
and Ahmed 2017)
1.33 µm 29.25 - 1.76× 10−9 -
(Arif and Biddut
2017)
1.3 µm 53.35 - 3.7× 10−11 0.0028
This Thesis 1.6 THz 85.7 0.47± 0.265 1.7× 10−9 0.005
Table 4.3. PCF sensor comparison. Comparison of the proposed PC-PCF sensor with prior PCF
sensors for ethanol detection at terahertz.
In Tab. 4.3 a comparison of characteristics of the proposed PC-PCF sensor with other
prior sensors for liquid (ethanol) detection is shown. It is seen that the sensitivity of
the proposed PC-PCF increased largely with negligible confinement loss, flattened dis-
persion, and high birefringence.
Fabrication is an important consideration of a fibre design in which the practical ap-
plication of a PCF is dependent. As our proposed PC-PCF comprises an asymmetrical
structure so capillary stacking and sol-gel are not suitable to fabricate the proposed
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fibre as they can only be used to fabricate circular-shaped microstructured air holes.
However, it is worthwhile to note that, kagome lattice PC-PCF with asymmetrical rect-
angular structured hole based core has already been fabricated by Atakaramians et al.
(2009a). Moreover, kagome lattice PCF with different complex structures have also
been fabricated by the Max Plank Institute. The 3D printing technology (Ebendorff-
Heidepriem et al. 2014) for manufacturing the extrusion dies paves the way for fabri-
cating highly asymmetric structures of PCF. Moreover, for sensing and photochemistry
applications a kagome lattice PCF including some other complex PCF structures has
been fabricated by Cubillas et al. (2013). Therefore, by employing the existing PCF fab-
rication technologies the proposed PCF is feasible.
A kagome lattice slotted core micro-structured PC-PCF based chemical fibre sensor is
proposed for terahertz sensing applications. Using Topas as the base material, with
the simulation results showing an ultra-high relative sensitivity of 85.6%, 85.7%, and
85.9% and ultra-low confinement loss of 4.5× 10−9 cm−1, 1.7× 10−9 cm−1, and 1.02×
10−9 cm−1 for water, ethanol and benzene respectively in the terahertz frequency range.
Moreover, near-zero flat dispersion, high birefringence, high effective area, and large
numerical aperture has also been obtained for optimal design parameters. Besides, the
proposed PC-PCF sensor is realizable using the existing fabrication technology. Thus, it
is expected that with such remarkable sensing properties the proposed PC-PCF-based
sensor opens a new window for further terahertz sensor research and paves the way
for chemical sensing and other biological applications.
4.3.2 Terahertz sensing in a hollow-core photonic crystal fibre
A terahertz sensor based on a hollow-core photonic crystal fibre (HC-PCF) has been
shown here for chemical analyte detection in the terahertz frequency range. The Zeonex
based asymmetrical hollow core is filled with an analyte and surrounded by several
asymmetrical rectangular air holes bounded by a perfectly matched layer (PML) with
absorbing boundary conditions. The performance of the proposed sensor is numeri-
cally investigated by using finite element method (FEM) based COMSOL software. It
is found that a hollow core provides a high relative sensitivity as well as low transmis-
sion loss. Moreover, simplicity in design facilitates manufacturability and making it
practical for many different biological and industrial applications.
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In recent years, there has been significant interest in the design and fabrication of pho-
tonic crystal fibre (PCF) because of its diverse applications. It has much interest due
to novel light guidance properties and the potential for interaction of light with gases
or liquids. Note that PCFs are not only applicable for communication but also sens-
ing applications. After much innovation, PCF based sensors are maturing nowadays
due to their compact size, acceptable cost, robustness, and ability to perform in hos-
tile environments such as in high electromagnetic and high chemical exposed fields
(Wolfbeis and Weidgans 2006). Major applications of PCF based sensors include sens-
ing of vapours and gases, chemical sensing and medical analysis, monitoring of in-
dustrial production, marine and environmental analysis, bioprocess control, and in
automotive control.
Among different types of PCF such as solid core, hollow core, and porous core we
choose a hollow core for sensing applications as it allows a greater analyte volume
inside its core area compared to other core types. Moreover, the guided mode in a
hollow-core fibre is strongly confined in the core area that greatly reduces the effect
of the background material in the waveguiding properties of the fibre (Shephard et al.
2005, Roberts et al. 2005). Note that, the air in our air hole core is displaced by a liquid
analyte for sensing purposes. Precise and accurate chemical detection is of importance
because of its significant applications in the medical and food industries.
Several sensing approaches have been previously used for chemical analyte detection.
Using a hydrothermal process Jiaqiang et al. (2006) proposed a ZnO nanorods for chem-
ical analyte detection. However, the problem was that their proposed method required
a very high temperature that limits the practicability of a sensor. Jepsen et al. (2007),
Jepsen et al. (2008), using reflection mode terahertz time-domain spectroscopy pro-
posed a method to detect chemical analytes. However, obtaining terahertz spectra
using that method was challenging. Terahertz time-domain spectroscopy of alcohol in
fuel oils was proposed by Arik et al. (2013). An optical fibre-based sensor coated with
polypyrrole-polyethylene oxide (PPO) material was also investigated to detect volatile
compounds such as ammonia, triethylamine, methanol, ethanol, and acetone vapors
(Bagchi et al. 2017).
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Besides, considering the advantages of PCF, a number of sensors with different core-
cladding structures was reported previously (Monro et al. 2001, Pinto and Lopez-Amo
2012, Ademgil 2014, Ademgil and Haxha 2015, Arif et al. 2016, Paul et al. 2017a). How-
ever, all these sensors operate in the infrared or mid-infrared region and failed to
achieve a sensitivity of more than 74%. Recently, the terahertz region has gained atten-
tion because of emerging applications in the field of sensing (Walther et al. 2010, Fis-
cher et al. 2005a), spectroscopy (Zhang and Grischkowsky 2004), investigation of DNA,
RNA, and proteins (Markelz et al. 2000, Fischer et al. 2005b, Markelz et al. 2007), biotech-
nology (Nagel et al. 2002), detection of intraoperative breast cancer and colon cancer
(Drukteinis et al. 2013), diagnosis of skin cancer (Rahman et al. 2016), and measure-
ment of HIV load viruses (Shafiee et al. 2014). Thus, considering the applications of
terahertz we recently proposed a PCF based sensor for chemical analyte detection
(Islam et al. 2017a). Using a porous core structure in a complex kagome lattice we
obtained a relative sensitivity of about 86%. However, the problem with such a PCF
structure is the difficulty in fabrication. Thus, there is the motivation for a more fabri-
cation friendly PCF design with increased relative sensitivity in the terahertz band.
Therefore, considering the facts mentioned in Monro et al. (2001), Pinto and Lopez-
Amo (2012), Ademgil (2014), Ademgil and Haxha (2015), Arif et al. (2016), Paul et al.
(2017a), Islam et al. (2017a) and as a possible solution we propose a hollow core PCF
based terahertz sensor for chemical analyte detection. In a Zeonex (Cyclo Olefin Poly-
mer) substrate we introduce an asymmetrical air hole structure both in the core and
cladding.
Physical insight of the proposed sensor
The cross-section of the designed hollow-core (HC) PCF terahertz sensor is shown in
Fig. 4.5(a). Hollow-core fibres are advantageous for sensing applications as the sam-
ple under test located in the core can interact with incoming light simultaneously.
A hollow core provides lower effective material loss (EML), as well as a higher core
power fraction than porous core as the core in an HC-PCF, is only filled with the
target analyte instead of bulk material (Islam et al. 2017a). Note that it is a chal-
lenging task to maintain the polarization state of a PCF, as sensing performance de-
pends on a highly polarized fibre (Emiliyanov et al. 2013). High birefringence (i.e.
index difference between the polarization modes) can be obtained from the asym-
metrical PCF structure that has not been achieved by previously reported sensors
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Figure 4.5. Development of hollow waveguide sensor. Schematic of the proposed structure,
(a). Mode field propagation in x-direction (b), and in y-direction (c). Birefringence
(d), relative sensitivity (e), and confinement loss (f) as a function of frequency for the
analyte of water, ethanol, and benzene respectively.
(Monro et al. 2001, Emiliyanov et al. 2013). Here, the proposed rectangular hollow
core is surrounded by an asymmetrical rectangular cladding that provides increased
birefringence with improved sensing performance.
The core region consists of a single asymmetrical air hole that defined it as a hollow
core. The width and height of the hollow core structure are defined as W and H re-
spectively. A perfectly matched layer (PML) absorbing boundary is given at the outer
part of the cladding. The PML boundary condition itself acts as an anti-reflecting layer
that absorbs outgoing waves of the PCF (Islam et al. 2018f). It is worthwhile to mention
that instead of using air in the hollow core region we use different chemical analytes
such as water, ethanol, and benzene with refractive index (RI) of 1.33, 1.354, and 1.366
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respectively (Islam et al. 2017a).
In a PCF based sensor light can be guided either by photonic bandgap (PBG) or by the
modified total internal reflection (MTIR) effect. The photonic bandgap mode in a PCF
operates when the RI of the cladding is greater than that of the core. On the other hand,
the MTIR effect comes into operation when the core RI is greater than that of cladding.
In the proposed sensor we used analytes with a high RI, thus the light-guiding mech-
anism of our proposed sensor is the MTIR mode.
The intensity of light interaction with matter (water, ethanol, and benzene) is shown in
Fig. 4.5(b–c). It can be seen that for both the polarization mode the light is well guided
inside the core.
Sensitivity of a terahertz PCF is totally dependent on the intensity of light-matter in-
teraction. This rely on the absorption coefficient at a particular frequency. According
to the Beer-Lambert law it can be defined as (Ademgil 2014, Ademgil and Haxha 2015,
Arif et al. 2016),
I( f ) = I0( f ) exp[−rαmlc] (4.10)
where I( f ) represents the intensity of light with the presence of analyte needs to be
sensed and I0( f ) is the intensity without the presence of an analyte. Here, r, αm, lc,
and f represent the relative sensitivity, absorption coefficient, channel length and the
operating frequency respectively.





) = −rαmlc. (4.11)
The property of birefringence for different analyte variation is shown in Fig. 4.5(d). It
can be seen that birefringence reduces with frequency increase. The reason is that, as
the frequency increases the index difference between the polarization modes also de-
creases. At optimum design parameters, the obtained birefringence for water, ethanol,
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and benzene are 0.15, 0.17, and 0.19 respectively. Please note that it is potentially pos-
sible to increase the birefringence further by reducing either W or H but that will sig-
nificantly reduce the relative sensitivity.
Fig. 4.5(e) shows the variation of the relative sensitivity of water, ethanol, and benzene
with respect to frequency. It can be seen that relative sensitivity increases up to a cer-
tain frequency and then decreases slightly. This is because, as frequency increases, the
effective RI of the guided mode increases but the core power fraction does not increase
after a particular frequency.
In a terahertz sensor, there are few limiting factors such as effective material loss
(EML), confinement loss, bending loss, and scattering loss that limits the efficient de-
tection of analytes. Among these, the major loss mechanism is EML that occurs due
to the used background material and can be reduced by using air holes inside the core
region. Another reason for choosing the hollow core is that it can largely reduce the
amount of background material from the core and thus helps to reduce the EML.
The characteristics of EML with respect to frequency with different analyte variation
is shown in Fig. 4.5(f). It can be seen that EML increases with a frequency increase
that meets the theoretical condition of calculating EML (Islam et al. 2018f). It can be
seen from Fig. 4.5(f) that the EML at optimum design conditions is extremely low and
lowest than ever proposed by any PCF based waveguide.
Fig. 4.5(f) indicates the variation of confinement loss for different analytes with respect
to frequency. It is observed that confinement loss reduces with frequency increase
because increment of frequency causes the mode fields to constrict more strictly in
the hollow core region and thus the confinement loss reduces. It can be seen that the
obtained confinement loss for water (6.22× 10−13 cm−1), ethanol (6.95× 10−14 cm−1)
and benzene (3.48× 10−14 cm−1) is negligible as compared to the obtained EML.
The obtained relative sensitivity of water, ethanol, and benzene for different W and H
is compared in Table 4.4. It can be seen from Table 4.4 that, highest relative sensitivity
is obtained for benzene with a maximum W and H. The reason is that at maximum
W and H the hollow core can load the maximum amount of analyte into it. Another
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W and H Operating Sensitivity Sensitivity Sensitivity
frequency of water (%) of ethanol (%) of Benzene (%)
497 µm and 387 µm 1.5 THz 95.6 95.9 96.2
500 µm and 390 µm 1.5 THz 96.4 96.6 97.2
503 µm and 393 µm 1.5 THz 97.6 97.9 98.2
Table 4.4. Effect of fibre geometries on sensing. The effect of performance variation with global
parameter variation of the hollow core PCF sensor.
reason for obtaining the highest sensitivity with benzene is its higher RI compared to
other used analytes.




1.5 µm 23.75 - 5.5× 10−5 -
(Paul et al.
2017b)
1.33 µm 67.66 - 7.5× 10−12 -
(Islam et al.
2017a)
1.6 THz 85.7 - 1.7× 10−9 0.005
This thesis 1.4 THz 96.8 0.0035 6.9× 10−14 0.0154
Table 4.5. Performance comparison with other reported sensors. Comparison of characteris-
tics between the proposed hollow core sensor and prior sensor for chemical (ethanol for
example) analyte detection.
Considering ethanol as the chemical analyte, Table 4.5 shows the comparison of differ-
ent characteristics of the proposed PCF and prior PCF. It can be observed that the PCF
has the highest possible sensitivity because of the hollow core. Moreover, besides high
birefringence, the proposed PCF based terahertz sensor also demonstrate extremely
low EML and negligible confinement loss than obtained by prior PCFs (Ademgil 2014,
Ademgil and Haxha 2015, Arif et al. 2016, Paul et al. 2017a, Islam et al. 2017a).
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A hollow-core photonic crystal fibre is designed and analysed for chemical analyte
detection in the terahertz frequency range. Using Zeonex as the substrate and at op-
timal design conditions, simulation results show a high relative sensitivity of 96.69%,
96.97%, and 97.2% for water, ethanol, and benzene respectively. In addition, the sen-
sor shows low EML and negligible confinement loss that is useful for efficient sensing.
Moreover, the obtained high birefringence property is suitable to increase the sensing
performance. Using the existing fabrication methods the proposed PCF is feasible to
fabricate. Therefore, with such remarkable sensing properties and design flexibility,
the proposed sensor will open a new window for next-generation terahertz research
and can potentially be applicable in different food and biomedical industries.
4.3.3 Mechanism of terahertz sensing and requirements of a bire-
fringent fibre
In the sensor architecture, the fibre itself will work as a sensing element that will be
filled with analyte using the capillary action of the analyte and polymer. The low me-
chanical strength of the fibre is not an issue as only a short length is used for sensing.
To ensure the liquid enters only the core and not the cladding, there are various possi-
bilities such as
• slowly feeding the analyte from a fine tip such as a hypodermic needle or
• depositing a layer on one end of the fibre to block analyte entering the cladding.
Now, considering ethanol as the chemical analyte we will describe how to optimize
the sensing performance of the proposed chemical sensor and show why the asym-
metrical property of the fibre is important for achieving this. Note that measure-
ment uncertainty increases with sample thickness due to terahertz absorption but, if
sample thickness is reduced too much, uncertainty also increases due to an insuffi-
cient interaction depth—thus there is a trade-off between these extremes and an op-
timal thickness can be calculated. It has been proven that the optimal sample thick-
ness to minimize measurement uncertainty is (2/α), where α is the absorption coeffi-
cient (Withayachumnankul et al. 2008). Note that the absorption coefficient for ethanol
is in the 20 to 80 cm−1 range in the 0.2 to 1.4 THz band (Balakrishnan et al. 2009).
Let us now consider α = 20 cm−1 as this will yield the worst-case largest thickness of
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2/α = 2/20 = 0.1 cm = 1 mm. This is rather large, however, if we observe Fig. 2 of
reference (Withayachumnankul et al. 2008) we see that the minima in the uncertainty
versus thickness curves are not narrow but reasonably flattened—and so we can see
that halving the optimal thickness does not significantly degrade the uncertainty—this
allows us to reasonably halve the value of 1 mm and select 0.5 mm. However, when
this 0.5 mm sample is then analysed at 1.4 THz the path length of terahertz radia-
tion will now effectively be 0.05× 80 = 4 absorption lengths. This corresponds to a
20 log(e−4) = −35 dB attenuation, which is manageable.
Now, fibre-based terahertz heterodyne detection is known to be able to receive power
levels as low as 3 µW (Nellen et al. 2017). This means that the input terahertz power
into the fibre must be > 160 µW and this is perfectly achievable. It is well-known that
fibre-based heterodyne detection requires the polarization of the local oscillator to be
aligned to the polarization being detected at the end of the fibre. To guarantee this
alignment, polarization preserving fibres must be used and this is another motivation
why we have designed this chemical sensor using an asymmetrical rectangular core.
4.4 Summary
This chapter contains discussion of modelling and analysis of terahertz waveguides
and sensors. We show both symmetrical and asymmetrical waveguide structures suit-
able for low loss, and polarization maintaining applications. The guiding mechanisms
of each proposed sensor, the sensing application for various terahertz fibre is also
shown.
In the following chapter, we discuss a novel anti-resonant terahertz fibre for terahertz
transmission and gas sensing. A novel fabrication procedure is followed and used
to fabricate the antiresonant fibre structure. The fabrication technique is suitable for
fabricate any kind of complex terahertz fibres. The experimental analysis of the fibre is







AMID the search for efficient terahertz transmission and gas sensing, all-polymerterahertz waveguides attract significant interest due to their compactness and
capability for providing environmentally robust systems. The high loss within metals
and dielectrics in the terahertz range makes it challenging to build low loss, mechani-
cally stable, and broadband terahertz waveguides. In this context, hollow waveguides
made of Zeonex are promising candidates for attaining low transmission loss in the ter-
ahertz range. Here, we investigate a hollow hexagonal-core fibre (HCF) that exhibits
low loss, near-zero dispersion, wide operating bandwidth, and is suitable as an ultra-
sensitive gas sensor. Notably, HCF fabrication is carried out by exploiting an efficient
low-cost single-step extrusion method. Our experiments demonstrate that the HCF
can achieve remarkably low attenuation and near zero flatten dispersion as compared
to any other terahertz fibres. The resulting HCFs are easy to handle and have high
thermal and chemical stability. These results bring significant advancements for ter-
ahertz fibre fabrication, low-loss ultra-fast short-distance terahertz transmission, and





The new frontier of terahertz research contains a significant number of cutting-edge ap-
plications, including label-free and non-invasive molecular detection, DNA hybridiza-
tion probing, pharmaceutical drug testing, and high-speed short-range optical commu-
nications (Gallot et al. 2000, Atakaramians et al. 2013, Siegel 2004, Islam et al. 2016a, Is-
lam et al. 2018d, Islam et al. 2018h). Terahertz technology also has significant potential
for biomedical spectroscopy applications due to its ability to probe molecular interac-
tions (Sultana et al. 2017b, Mittleman et al. 1998, Gerecht et al. 2011, Lin et al. 2008, Pick-
well and Wallace 2006, Islam et al. 2017a, Islam et al. 2020d, Islam et al. 2018j, Williams
2007, Chan et al. 2007). Moreover, it can be potentially applied to security screening as
it can penetrate plastics, cardboard, and leather (Tsydynzhapov et al. 2018). This moti-
vates the interest in advancing terahertz technology as the demand for state-of-the-art
terahertz sources, detectors, and waveguides is as pressing as growing.
Whilst free space terahertz propagation has been widely explored, terahertz transmis-
sion is profoundly affected by the water vapour present in the atmosphere. Trans-
mission through waveguides is a promising approach, but the low transparency of
materials is a significant challenge. Metal waveguides have been primarily consid-
ered, but their finite conductivity, inflexibility, and the surface roughness of metals
limit their applicability (Jeon et al. 2005). To address this issue, the use of dielectric
waveguides has gained attention, and encouraging results have been demonstrated.
Polymers, such as Topas, Zeonex, Teflon, TPX, and HDPE, have appeared as materi-
als of interest as they present a lower absorption coefficient than other dielectrics and
glasses (Islam et al. 2019e).
In this context, the use of microstructured optical fibres (MOF) emerges as an effi-
cient approach for obtaining waveguides with adequate loss, birefringence, and dis-
persion levels. Indeed, the use of MOFs for the terahertz range is a growing trend
(Harrington et al. 2004, Anthony et al. 2013, Bowden et al. 2007, Bowden et al. 2008b,
Bowden et al. 2008a, Matsuura and Takeda 2008, Tang et al. 2009, Li et al. 2016a, Van Put-
ten et al. 2018, Stefani et al. 2018, Lai et al. 2010). Porous-core fibres, for example,
have holes within the core region, which lessen the overlap between the optical mode
and the waveguide material, allowing a reduction loss levels in the terahertz range
(Islam et al. 2017d, Islam et al. 2016a, Islam et al. 2016c, Islam et al. 2017b, Markov
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and Skorobogatiy 2013, Atakaramians et al. 2009a, Chen et al. 2013, Hassani et al. 2008,
Cruz et al. 2013a, Bao et al. 2012, Kaijage et al. 2013, Ahmed et al. 2017a, Aming et al.
2016). However, despite all the endeavours towards the development of terahertz fi-
bres with solid or porous cores, achieving low loss, low dispersion, broadband trans-
mission, and ease of fabrication remain critical issues.
Hollow-core fibres, otherwise, arise as the most appropriate choice for attaining opti-
mum terahertz beam transmission. It is because, in hollow-core fibres, the modes prop-
agate through a hollow channel with low interaction with the fibre material. Hollow-
core fibres can guide light either under photonic bandgap (PBG) (Birks et al. 1995)
or inhibited coupling (IC) (Couny et al. 2007) mechanisms. In PBG fibres, the mode
guidance is possible because the cladding microstructure is such that there are no
photonic states, within a specific frequency range, to which the core mode can be
coupled. Differently, in IC fibres, the core and cladding modes coexist. Low loss
propagation is then achieved by robustly minimizing the coupling between core and
cladding modes. This coupling inhibition is attained by reducing the spatial over-
lap between the modes and by obtaining a strong mismatch between their transverse
phases (Debord et al. 2017, Debord et al. 2019).
Indeed, the excellent performance of IC fibre designs, eg. kagome (Maurel et al. 2018),
tubular (Debord et al. 2017, Chafer et al. 2019), conjoined-tubes (Gao et al. 2018), nested-
tubes (Jasion et al. 2020), and hybrid kagome-tubular (Amrani et al. 2021) lattice de-
signs) working in the visible and infrared spectral ranges has been recently demon-
strated in the literature. However, although terahertz hollow-core fibres have been
assessed in simulation studies, there are very few reports on experimental results re-
garding the operation of those fibres in the terahertz range (Anthony et al. 2011b). In
this context, it is noteworthy that 3D printing technology has appeared as a potentially
useful technique for fabricating terahertz fibres (Van Putten et al. 2018, Yang et al. 2019b,
Cruz et al. 2018).
One reason is the larger dimensions of MOFs needed for guiding terahertz, compared
to MOFs for the visible and IR ranges. The larger dimensions allow direct 3D printing
or extrusion of the fibre itself, which is not possible for MOFs in the visible-IR range,
where only the preform can be printed and a draw process is necessary to achieve the
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small dimensions. Also, terahertz fibres have shorter lengths compared to visible-IR
fibres, which also make terahertz fibres more suited for simple fabrication techniques
such as 3D printing.
In this chapter, we investigate a specialty hollow-core terahertz fibre fabricated using
Zeonex and a direct manufacturing technique based on a horizontal extruder. In ad-
dition to its low loss in the terahertz range, Zeonex presents high thermal and chem-
ical stability and low water absorption. The fibre geometry has a hexagonal-shaped
hollow-core, which is connected to the outer jacket via six radial struts. The fabrica-
tion method employs a recently developed single-step technique (Cordeiro et al. 2020),
which is here extended to fabricate a terahertz waveguide for the first time. We re-
port the fabrication of fibres with different dimensions, as well as the characterisa-
tion and simulation of their loss, dispersion, and gas sensing properties. The results
reported herein will potentially contribute to the development of low-loss ultrafast
short-distance terahertz transmission and ultra-sensitive gas sensing measurements.
Figure 5.1. Schematic diagram and typical loss of the specialty fibre. (a) Cross-section
schematic of the proposed hollow hexagonal-core fibre, where the external blue region
indicates the perfectly matched layer (PML) boundary condition. (b) Typical simulated
loss spectrum using S1 = 1200 µm, S2 = 1170.6 µm, t = 148 µm, and J = 700 µm.
5.1.1 Fibre design
Fig. 5.1(a) shows the fibre design we explore herein. It consists of a hollow hexagonal-
core fibre (HCF), with Zeonex as the bulk material. In the fibre structure, six radial
struts connect the hexagonal core contour to the outer jacket. Here, we denote the
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core side length as S1 and its thickness as t. The radial struts have a length of S2.
The fibre microstructure is inscribed in a circle with a diameter Dint = 2× (S1 + S2),
and the outer diameter of the fibre is defined as Dext = Dint + 2J, where J is the
outer jacket thickness. Previous studies have used similar fibre designs aiming at
light transmission through ultraviolet, visible, and infrared wavelengths (Gérôme et al.
2010, Hayes et al. 2015, Hartung et al. 2015), and the realisation of sensing experiments
(Tsiminis et al. 2016).
The advantage of such a standard waveguide structure is its easy fabrication proce-
dure, which only requires tabletop extruder (Cordeiro et al. 2020). In this structure,
terahertz waves propagate through the fibre core due to the IC guidance mechanism
(Couny et al. 2007). It allows obtaining low loss transmission bands where the core
mode coupling to the cladding modes is minimized. These low-loss transmission
bands are spectrally separated from each other by high-loss narrow bands. The latter
are centred at high-loss frequencies, fhigh, given by Eqn. 5.1, and correspond to reso-
nant coupling between the core mode of interest with the cladding struts. Here, m is
the resonance order, c is the speed of light, t is the cladding struts thickness, nclad is the
cladding refractive index, and ncore is the core refractive index (Debord et al. 2017, De-
bord et al. 2019, Setti et al. 2013). Fig. 5.1(b) presents a typical loss spectrum of such
a structure, which is simulated by using a finite element method-based mode solver,
COMSOL Multiphysics. In Fig. 5.1(b), the fibre parameters are S1 = 1200 µm, S2 =
1170.6 µm, t = 148 µm, and J = 700 µm, similar to one of our fabricated fibres.
The Zeonex refractive index is set to (n = 1.529) and its absorption coefficient to α =
0.2 cm−1, as recently measured for planar Zeonex samples (Islam et al. 2019e). Note
that, the environmental loss that we experience during experiment was not consid-
ered in simulation. The high loss frequencies calculated by Eqn. 5.1 appear as dotted








The fabrication of the proposed fibre is carried out by using a tabletop horizontal ex-
truder designed for producing 3D printer filaments (EX2 Filabot). Notably, this is the
unique piece of equipment needed for producing the terahertz fibre we describe in this
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Figure 5.2. Table-top fabrication procedure. (a) Lateral schematic view of the horizontal extruder
showing the extruder screw, feeding pellets hoper, specially designed nozzle, and pulled
terahertz fibre; (b) Picture of the manufactured nozzle; (c) Top view of the nozzle and
fibre with hexagonal shaped core.
paper. The method for obtaining the fibres is represented in Fig. 5.2(a). The operation
is based on feeding the extruder screw with polymer pellets via a top hopper while
a heating element increases the plastic temperature. A special nozzle, Fig. 5.2(b), is
3D-printed in titanium (Cordeiro et al. 2020) and designed to present an external cross-
section that defines a solid hexagon linked to an external hollow jacket by six hollow
channels, Fig. 5.2(c), left. The air struts in the nozzle are 0.8 mm thick. The internal
nozzle diameter measures 12 mm. The internal construction of the nozzle follows a
previously developed concept (Ebendorff-Heidepriem and Monro 2007). It allows the
nozzle to block the material flow through its exit face in the regions where the fibre
holes are designed to be. The fibre that emerges from the nozzle has, therefore, solid
struts and a hollow core, Fig. 5.2(c), right. During the fabrication, the extrusion screw
rotation speed can be adjusted, and typical values correspond to a material feed rate
between 0.05 to 0.1 g/s. Additionally, the temperature is set to 220◦C, and the extruded
material has an initial external diameter that matches the nozzle’s internal diameter,
i.e., 12 mm.
As mentioned, Zeonex, a cyclo-olefin polymer (COP), is selected as the fibre material.
Beyond its low water absorption, moldability (Setti et al. 2013), and favorable chemi-
cal resistance (Islam et al. 2019e), Zeonex presents low loss in the terahertz frequency
range (Islam et al. 2019e, Anthony et al. 2011a), similar to Teflon, Topas, and HDPE, and
considerably better than, for example, PMMA. Here, Zeonex 480R commercial pellets
(Product Data Sheet 2015) (with a density of 1.01 g/cm3, glass transition temperature
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of 138◦C, and water absorption smaller than 0.01%) are selected.
In this work, we target thick fibres with core diameters between 1 mm and 2 mm, and
guidance in the 0.5–3.5 THz range. Here, the draw down-ratio of the dimensions of
the material emerging from the die exit to the final fibre is quite small (from 12 mm
to 5–8 mm typically). To achieve such a small reduction in dimensions, the extruded
material is manually pulled at a low rate (few mm/s).
To demonstrate the potential of the technique for producing fibres with different pa-
rameters, we report on the fabrication of four fibres, whose geometrical dimensions
are presented in Tab. 5.1. The error estimation in the strut thickness, t, is made by con-
sidering multiple measurements performed under an optical microscope. Remarkably,
such a straightforward fabrication technique can yield fibres with struts within a con-
siderable thickness range, namely between 20 µm and 160 µm. This has been achieved
by changing the draw rate while the feed rate has been kept constant. Fig. 5.3 shows
representative images of the fabricated fibres.
Figure 5.3. Representative images of the fabricated samples. (a) Frontal and (b) lateral view of
fibre sample #3. (c) Image of a fibre with an outer diameter of 4.4 mm, a core diameter
of 1.2 mm, and struts thickness of 28 µm. The whole fibre is wrapped by aluminium foil
just by keeping the core open. This is just to ensure that the signal is only propagating
through the core and not through other parts of the fibre.
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Fibre type C (mm) S (µm) Dext (mm) L (mm)
Type-I 2.0 85± 5 7.3 20
Type-II 1.6 65± 10 6.5 40
Type-III 2.2 155± 10 8.0 45
Type-IV 0.6 22± 5 2.0 90
Table 5.1. Dimensions of the fabricated fibres. This include the core diameter (C), the strut
thickness (S), total fibre diameter (Dext), and the length of the fibre (L).
Figure 5.4. The experimental setup to measure the fabricated fibres. It contains a femtosecond
(fs) laser, terahertz transmitter, and detector, a parabolic mirror, iris, XYZ translation
stage, and the sample. The whole system is enclosed with a purge box containing
dry air. The inset shows the terahertz amplitude of the reference and the longer fibre
sample.
5.2 Fibre characterization
5.2.1 Loss measurement and simulation
To characterize the fibre performance in the terahertz range, an Advantest TAS7400TS
terahertz optical sampling system is used. The system is built with a dual-channel ul-
trashort pulse laser for free-space terahertz generation and detection (Advantest 2021).
In the experiment, depicted in Fig. 5.4, a gold-coated parabolic mirror with a focal
length of 100 mm is used to focus the beam towards the waveguide core, and an iris
is used to block undesired signals coupling to the core. The fibre waveguide is then
placed on a translation stage, and a specially designed 3D-printed fibre holder is used
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Figure 5.5. Transmission spectra: measured and simulated. (a) Left-hand side top: reference
(grey curve) and fibre sample #2 (green curve) measured transmission spectra; left-
hand side bottom: total attenuation (solid green curve) and simulated loss (dotted
green curve). (b) Left-hand side top: reference (grey curve) and fibre sample #3 (blue
curve) measured transmission spectra; left-hand side bottom: total attenuation (solid
blue curve) and simulated loss (dotted purple curve). Shaded regions indicate struts
resonances, as identified in the plots presented on the right-hand side.
to provide mechanical support. To ensure that the terahertz beam is coupled to the
fibre core only, we wrap the waveguide with aluminium foil, while keeping the core
region unblocked. The system is enclosed in a custom-made purge box filled with dry
air, in order to minimize the presence of water vapor and avoid water-induced absorp-
tion. Additionally, care is taken to ensure minimal humidity levels inside the purge
box, which was monitored with a hygrometer. Typical reference and sample signals
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are presented in the inset in Fig. 5.4.
The loss values of fibre samples #2 and #3 are estimated by using the experimen-
tal setup presented in Fig. 5.4. The reference (grey curve) and samples (blue and
green curves) transmission spectra are presented on the left-hand side top graphs in
Fig. 5.5(a) and Fig. 5.5(b). The reference measurement is carried out without the fi-
bre sample in between the transmitter and receiver, while the sampled signal is taken
by placing the fibre samples. The shaded regions indicate the resonances of the mi-
crostructure struts, where the high loss occurs. These regions are calculated from
Eqn. 5.1 by considering the strut thickness variations, as presented in Tab. 5.1. In the
graphs on the right-hand side in Fig. 5.5, we plot Eqn. 5.1 for m = 1 and m = 2 as a
function of the fibre strut thickness to identify the expected high loss regions.
By taking into account the reference and sample spectra, one can calculate the trans-
mission through the fibre sample, T(ω) = Psam(ω)Pref(ω) , where Pref(ω) and Psam(ω) are the
reference and sample power spectra, respectively. Thus, one can estimate the total at-
tenuation as −10 log T(ω). The resulting values are presented in the bottom left-hand
side plots in Fig. 5.5 (left axis). As expected, low loss intervals are observed between
the microstructure resonances. For fibre sample #2, the total attenuation figures are
measured as 5.6 dB at 1.2 THz and 4.7 dB at 2.7 THz. For fibre sample #3, the total
attenuation values are measured to be 9.2 dB at 0.95 THz, 6.2 dB at 2.2 THz, and 2.0 dB
at 3.4 THz. The total attenuation of sample #4 is presented in Fig. 5.6(a). Sample #1, on
the other hand, could not be measured in our system as its low order resonances are
expected to be around 5.9 and 11.8 THz.
Additionally, numerical simulations using the finite element method (FEM) are per-
formed by considering the geometrical parameters of the fabricated fibres. The results
are presented in Fig. 5.5 as dotted green and dotted purple curves in the bottom left-
hand side plots (right axis). As for the simulations in Fig. 5.1(b), the Zeonex refractive
index is taken to be n = 1.529, and its absorption coefficient is set to α = 0.2 cm−1
(Islam et al. 2019e). It is seen that minimum loss figures are calculated to be 33.7 dB/m
at 1.2 THz and 0.95 dB/m at 2.7 THz for fibre sample #2. For fibre sample #3, loss
values of 5.4 dB/m at 0.95 THz, 0.26 dB/m at 2.2 THz, and 0.07 dB/m at 3.4 THz are
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calculated. The spectral locations of the resonances are reasonably well-matched, be-
tween experimental and simulated results. One source of the discrepancies between
measured and simulated data is assumed to be the existence of thickness variations
in the struts that demark the core in the fabricated fibres. Further optimization of the
fabrication process may reduce such imperfections, allowing to attain fibres with im-
proved microstructures. Due to practical limitations in the current stage of the devel-
oped technique, we are unable to perform cutback measurements using the fabricated
samples. Thus, our analyses are restricted to the comparison between the total attenu-
ation measured in the experiments (in dB, which includes coupling and transmission
loss) and the simulated loss (in dB/m, which accounts for confinement and absorption
loss, hence not taking into account the coupling loss).
Figure 5.6. Experimental total attenuation (red curves) and simulated loss (dashed blue
curves), and sensitivity. (a) Experimental total attenuation (red curves) and simulated
loss (dashed blue curves), (b) Effective refractive index, (c) β2 values for fibre sample
#4, (d) Experimental setup for humid air sensing where a vacuum pump is used for
continuous flow of humid air. During the measurements, the flow rate through the
cell is kept significantly low. The cell contains a tissue wetted by milli-Q water. Two
metallic discs are used to hold the fibre straight and block the stray of the terahertz
signal coming from outside of the fibre, (e) Experimental loss measurement of a 45 mm
long HC-THz fibre filled with dry and humid air from 1.2 to 2.4 THz. (f) Loss difference
between data in (e). Water absorption peaks are marked by arrows.
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5.2.2 Dispersion and sensing measurements
The time-domain data obtained from the terahertz measurement system can be pro-
cessed to account for the dispersion properties of the fibres. Thus, fast Fourier trans-
forms (FFTs) can be applied to the obtained time-domain data to retrieve the magni-
tude and phase in the frequency domain. In this process, the obtained phase is un-
wrapped between -π and +π to truncate unwanted noise above this range (Jepsen
2019). The effective refractive index, n(ω), can be obtained from Eqn. 5.2, where c is
the speed of light, l is the fibre length, ω is the angular frequency, and φ(ω) repre-
sents the phase difference between the reference and sample signals. Additionally, the
waveguide dispersion can be quantified from n(ω) as follows and shown in Eqn. 5.3,















Fibre sample #4 has been used in the dispersion measurements. The fibre loss and
the frequency-dependent refractive index derived from the phase data in the terahertz
measurements are shown in Fig. 5.6(a) and Fig. 5.6(b), respectively (red curves). Ad-
ditionally, the simulated loss and effective refractive index values are also shown in
Fig. 5.6(a) and Fig. 5.6(b) (dotted blue curves). In Fig. 5.6(b), one sees that experimental
and simulated effective refractive index values are in close agreement. The measured
values range from 0.948 to 0.967 in the frequency range between 1.0 THz and 1.7 THz.
In contrast, the simulated ones range from 0.992 to 0.998 in the same frequency range.
Additionally, Fig. 5.6(c) presents the experimental and simulation results for β2 in fi-
bre sample #4. The obtained β2 values are remarkably low and flat (values between
0.12 and 0.60 (ps/THz)/cm between 1.0 THz and 1.7 THz) as compared to other ex-
perimentally reported low dispersion waveguides (Anthony et al. 2011b, Mbonye et al.
2009, Mendis and Grischkowsky 2001, Wang and Mittleman 2004, Han et al. 2002, An-
thony et al. 2011a, Anthony et al. 2013).
The gas sensing capability of the proposed hollow fibre was verified in a water va-
por detection measurement. Here, it is worth mentioning that water vapours have
received major attention in research due to their abundance in the atmosphere and
as a common absorber for terahertz electromagnetic waves. The undesirable vapour
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absorption lines are often referred to as a common impurity in spectroscopic stud-
ies. Therefore, water vapour in the atmosphere is one of the most suitable samples
in testing the accuracy of the terahertz time-domain spectroscopy (THz-TDS) system
(Van Exter et al. 1989). Also, the rotational absorption characterization of water vapour
is of interest in astronomical and atmospheric measurements (Podobedov et al. 2008).
The absorption peaks of water and hot water vapours (De Natale et al. 1997), for ex-
ample, have been measured in different frequency ranges via the use of large gas cells
(Van Exter et al. 1989, Melinger et al. 2012, Cheville and Grischkowsky 1998). Addition-
ally, small amounts of gas in a sealed fibre have been successfully detected by using
short and long length fibres (You et al. 2012, Katagiri et al. 2018). However, there are
very few works for water vapour detection using terahertz fibres (Xin et al. 2006).
Fig. 5.6(d) exhibits the experimental setup that was employed in such measurements.
The hollow-core fibre has been inserted in a gas cell, composed of a plastic jar and two
windows, whose atmospheric conditions could be controlled (via the use of a contin-
uous supply of humid air, a flow of nitrogen, and an evacuation system). The air gap
between each fibre end and the window was 3 mm and the fibre used in the exper-
iments was 45 mm long. In turn, the gas cell length was 51 mm. The experimental
procedure involves measuring the fibre transmittance between 1.2 and 2.4 THz when
the fibre is filled with dry nitrogen and when the fibre is filled with humid air at room
temperature.
In the measurements, sample #4 has been placed on a metallic holder inside the gas cell
and the transmitted signal has been measured when the fibre was in a dry environment
and when water vapor was inserted in the gas cell. Fig. 5.6(e) displays the loss of
sample #4 when in dry and humid environments. It is seen that the loss is higher for the
humid environment, as expected. Moreover, Fig. 5.6(f) presents the difference between
the curves in Fig. 5.6(d). This procedure allows identifying the absorption lines at
1.417, 1.669, 1.719, 2.213, and 2.265 THz in a clearer fashion, similarly to what has been
achieved by Xin et al. (2006), Cui et al. (2015). The absorption peaks are due to the
vibrational and rotational transitions of the water vapor cluster bond. The absorption
lines indicate the presence of water inside the fibre and demonstrates the potential of




In this manuscript, we report the design, fabrication, and characterization of simple
hollow-core fibres showing low loss and near-zero dispersion in the terahertz range,
which represents a promising path towards the accomplishment of efficient, low-loss,
low-dispersion, and broadband terahertz transmission. A novel single-step fabrica-
tion method is adopted to provide efficient, simple, and low-cost fibres with differ-
ent dimensions. The experimental analyses demonstrated fibres with total attenua-
tion–transmission and coupling loss–of few dB in the studied frequency range, reach-
ing values as low as 2 dB at 3.4 THz for sample #3 (20 mm long). Also, fibres with
a near-zero dispersion of less than 0.6 ps/THz/cm are demonstrated. The results re-
ported herein reveal the potential of such a remarkably simple fabrication technique
for obtaining microstructured terahertz hollow-core optical fibres.
While attaining low dispersion values is essential for adequately transmitting signals
stemming from pulsed terahertz sources, having low-loss hollow terahertz waveg-
uides provide a promising path for the realisation of ultrasensitive gas sensing. We an-
ticipate that the analyses presented in this chapter will impact the development of low-
loss ultrafast short-distance terahertz transmission devices and future gas sensing ex-
periments. Finally, since the guidance in IC fibres is favoured when the spatial overlap
between the core mode and the modes in the cladding is minimized, designing fibres
with hypocycloid-shaped core contours (i.e., negative curvature) (Wang et al. 2011, De-
bord et al. 2013) appears as an efficient approach for reducing the overlap between the
core and cladding modes and, hence, for attaining fibres with lower loss levels. Thus,
future developments will consider the fabrication of hypocycloid-shaped core fibres.
In the following chapter, the effect of surface plasmon resonance in biochemical sens-
ing is discussed. The discussion is followed by various optimized optical fibre design
in the visible to mid-infrared regime. The performance analysis of all the fibres are







AS technology continues to advance, the development of novel sensing systemsopens up new possibilities for low cost, practical biosensing applications. In
this chapter, we demonstrate optical fibre based surface plasmon resonance (SPR) and
localized surface plasmon resonance (LSPR) sensors for biochemical sensing. Beside
the fibre design, the sensitivity, loss, length of usable fibre, limit of detection, and figure
of merit of the sensors are also discussed. Various structured and coated fibre designs




6.1 Localized surface plasmon resonance biosensor
6.1 Localized surface plasmon resonance biosensor
In this section, we demonstrate a localized surface plasmon resonance (LSPR) sys-
tem that combines both wave-guiding and plasmonic resonance sensing with a sin-
gle microstructured polymeric structure. Characterizing the sensor using Finite Ele-
ment Method (FEM) simulation results show a record wavelength sensitivity (WS) of
111000 nm/RIU, high amplitude sensitivity (AS) of 2050 RIU−1, high sensor resolution
and limit of detection (LOD) of 9× 10−7 RIU and 8.12× 10−12 RIU2/nm respectively.
Furthermore, these sensors have the capability to detect an analyte within the refrac-
tive index (RI) range of 1.33 to 1.43 in the visible to mid-IR therefore being potentially
suitable for applications in biomolecular and chemical analyte detection.
6.1.1 Introduction
LSPR is an optical phenomenon that is a result of surface plasmon excitation in nanopar-
ticles or nanogratings of size smaller than the wavelength of light. The high opti-
cal confinement and local field enhancement capability of LSPR are widely imple-
mented for surface-enhanced Raman scattering (SERS) analysis where enhanced elec-
tromagnetic fields near metal nanostructure promote significant Raman response of
deposited proteins/molecules that are in contact with the metal (Maier et al. 2003,
Kalachyova et al. 2015). The use of photonic crystal fibre (PCF) has advantages in
terms of tunability, size, and immunity to electromagnetic interference in combina-
tion with LSPR makes the sensor suitable for a range of sensing applications. For
bioanalyte detection and SERS response intensification several studies with different
techniques including surface plasmon resonance (SPR) and LSPR have been carried
out (Wang et al. 2018, Cao et al. 2018, Rifat et al. 2018, Lu et al. 2018). Using tungsten
disulfide to support SPR, sensitivity of 2459.3 nm/RIU for RI ranging from 1.33 to 1.36
has been reported (Wang et al. 2018). Using a D-shaped fibre structure researchers ob-
tained a maximum WS of 44567 nm/RIU (Cao et al. 2018).
Note that, recent studies (Wang et al. 2018, Cao et al. 2018, Rifat et al. 2018, Lu et al. 2018)
were carried out using SPR technology and used either internal sensing or external
sensing using a D-shaped structure. In internal sensing, the filling and flushing of the
analyte is challenging, whereas the D-shaped PCF requires external surface polishing
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to give its shape. Here, internal sensing refers to filling various air holes of the fi-
bre with the analyte solution—this can be carried out via a syringe (ie. withdrawal or
pumping mode)—whereas external sensing refers to contacting the analyte to the fibre
surface. Note that, our recent study on SPR showed a high WS (62000 nm/RIU) and
AS (1415 RIU−1) that comes with high confinement loss (CL) (300 dB/cm) (Islam et al.
2018i). However, it has been necessary to eliminate thick cladding layers from these
fibres to allow fields to interact directly through evanescent waves arising from the
core/cladding boundary region, resulting in a loss of mechanical strength. Therefore,
LSPR based sensors are introduced as a solution to enhance the sensing performance
as well as minimizing the size and cost (Lu et al. 2018, Paul and Biswas 2018). Us-
ing nanospheres, researchers were able to achieve a maximum WS of 27000 nm/RIU
(Paul and Biswas 2018) whereas the use of a Au grating reports a maximum WS of
3340 nm/RIU with extremely low AS that also comes with high CL (Lu et al. 2018).
Therefore, there is scope to develop an improved theoretical framework of PCF based
biosensors that may eventually lead to different practical implementations in both the
medical and chemical industries.
Here, we aim to design a sensor that can improve the absorption, resolution, and LOD
with low CL. Therefore we propose a dual channel based LSPR sensor having a Au
grating as a plasmonic metal with the analyte channel in contact with Au that facilitates
external sensing. Considering the fabrication feasibility, we describe the optimized
sensor by analysing different structures with variations in key geometrical parameters.
6.1.2 Design methodology, simulation, and optimization
The design, Fig. 6.1(a), and computational analysis of the sensor are carried out using
COMSOL multiphysics 5.3 set to an extremely fine mesh size with a degree of freedom
of 739945, number of elements of 105616, and minimum element quality of 0.324. On
a silica (SiO2) substrate the air holes are placed in such a way that so as to confine the
electric field to the center of the fibre and interact strongly with the metal. A thinner
TiO2 layer is used in contact with the SiO2 so that the Au can adhere strongly to SiO2.
The basic data for the model, such as the RI of SiO2, TiO2, and Au is obtained from
Vial et al. (2005),Tatian (1984). The air hole diameters are defined as d1, d2, and d3, the
outer surface radius and pitch from the center to d2 are defined as r1 and Λ1, and TiO2,
Au, analyte and the perfectly matched layer (PML) thicknesses are defined as tt, tg,
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Figure 6.1. Schematic and mode field characteristics of the LSPR biosensor. (a) Schematic of
the cross section; (b) stacked preform and (c) dispersion relation between core guided
mode, plasmonic mode and loss spectra at the core mode having the inset of (c) shows
the electromagnetic field distribution (i) core mode and (ii) SPP mode, (Islam et al.
2019d).
ta, and tp respectively. Note that the PML is an computational boundary that absorbs
scattered waves from the PCF. The scaled down air holes of diameter d2 and d3 help to
reduce the CL as it contributes to reduced scattering of light from the center of the fibre.
The stacked capillary diagram of the sensor is shown in Fig. 6.1(b) showing that it can
be fabricated using capillary stacking. In terms of fabrication the thicker wall capillary
indicates smaller air holes and solid rods indicate no air holes. Fig. 6.1(c) indicates that
when the phase matching of Re(neff) between the core guided mode and SPP mode
occurs then the sensor is then at resonance and thus a maximum loss peak is obtained.
Inset of Fig. 6.1(c) shows the electric field distribution in the core guided mode (i) and
SPP mode (ii). We considered dc = 0.18Λ, d = 0.70Λ, d1 = 0.09Λ, Λ = 3.75 µm,
ta = 1.5 µm, tp = 1.80 µm and varied the Au and TiO2 thickness respectively to get
optimum tg and tt, and then at optimum tg and tt we characterise the sensor with SPR
and LSPR.
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6.1.3 Results and discussion
Starting with Au we vary the tg to 20 nm, 30 nm and 40 nm and the obtained char-
acteristics that are shown in Fig. 6.2(a–b). Comparing 20 nm and 30 nm we can see
that the obtained CL for 20 nm is less than 30 nm. Though the AS is almost the
same (2754 RIU−1 for 20 nm and 2752 RIU−1 for 30 nm), the WS for 30 nm is higher
(15000 nm/RIU) than 20 nm (8000 nm/RIU). Therefore we choose 30 nm as optimum.
Now, comparing 30 nm with 40 nm we see that the loss peak broaden at 40 nm thus the
AS also reduces in a large scale as shown in Fig. 6.2(a–b). Thus considering the loss,
WS and AS we consider 30 nm as the optimum Au thickness. Here the CL, WS, and







−1) (Islam et al. 2018i) respectively, where λ indicates the op-
erating wavelength in microns, Im(neff) is the imaginary part of the complex RI of the
core mode, ∆λpeak denotes the wavelength difference between the loss peak shift and
∆na indicates the change in analyte RI, α(λ, na) is the overall loss and the difference







Figure 6.2. Loss and sensitivity for metallic thickness variation. (a–b) CL and AS with tg
variation; (c–d) CL and AS with tt variation; and (e–f) CL and AS having SPR and
LSPR, (Islam et al. 2019d).
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The optimization of TiO2 is illustrated in Fig. 6.2(c–d). It indicates that without TiO2
the CL is low, however that comes with low WS and AS because TiO2 has a high RI
and acts as a transition metal and when placed between SiO2 and Au it generates large
number of electrons at the surface. This creates a strong evanescent wave and attracts
the fields from the core guided mode to interact strongly with the plasmonic mode and
therefore increases CL, which also increases the sensitivity. Without the TiO2 coating,
the plasmonic Au exhibits poor adhesion to the SiO2, and easily flakes off with light
pressure (Rifat et al. 2016). To provide proper adhesion, a thin layer of TiO2 is included
to provide the necessary adhesion. A 10 nm coating between the SiO2 and the Au,
increases the CL and broadens the loss peak. However, a slightly thinner layer (5 nm),
is found to restore the sharp loss peak, required to achieve the high AS.
The reason for utilizing LSPR instead of SPR is shown in Fig. 6.2(e–f). We observe
that with LSPR a sharper loss peak results in around 1.85 times larger AS than with
SPR. In LSPR, excitation of surface electrons occurs over a small portion of surface that
results in lowering the CL. This is because plasmons are only created in a localized area
and not on the whole surface. Note that, this is also the reason for obtaining sharper
loss peak as fields from the core can strongly interact with the specified portion of
the surface. The corresponding WS and AS with LSPR and SPR are 14000 nm/RIU,
15000 nm/RIU and 3500 RIU−1, 1900 RIU−1 respectively. Moreover, LSPR requires
less Au and TiO2, which may result in improved cost effectiveness for real-world ap-
plications. Note that, in Figs. 6.2, 6.3, and 6.4 the solid and dashed lines indicates the
performance for RI of 1.41 and 1.42 respectively.
Considering the LSPR at optimum Au and TiO2 thickness we then optimize the ana-
lyte and PML. We start with the analyte layer and vary it to 1.2 µm, 1.5 µm, 1.8 µm and
2.1 µm. The characteristics shown in Fig. 6.3(a–b) illustrate that at low ta, the sensor
experiences low loss, however that comes with low AS (1350 RIU−1). As ta increases,
the loss peaks begin sharpening and a sharper loss peak is obtained at ta = 1.8 µm.
Therefore, maximum AS (3500 RIU−1) is obtained at that thickness. Increasing from
1.8 µm we can see that the AS starts to decrease. Therefore, considering the loss peak
broadening and AS, we choose 1.8 µm as the optimum ta. Then, keeping ta fixed to
1.8 µm with other optimal design parameters we optimize the tp. We can see that at
tp = 1.50 µm the AS is low as compared to tp = 1.80 µm and 2.1 µm. However when
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Figure 6.3. Loss and sensitivity for geometric optimization. (a–b) CL and AS having ta variation;
(c–d) CL and AS having tp variation; and (e–f) CL and AS having side air holes near
the surface, (Islam et al. 2019d).
we increase tp to 1.80 µm the AS also increases and any further increase of PML does
not change the characteristics of the fibre sensor. Therefore we choose 1.80 µm as the
optimum PML thickness.
Until now we have optimized different geometrical parameters including selection be-
tween SPR and LSPR by considering few smaller shaped air holes of diameter dc1 = dc
closest to the sensing surface as shown in Fig. 6.2(e–f) and Fig. 6.3(e). The reason for
utilizing such small air holes is to help confine more light into the core and prevent
light from being scattered out to the surface. We can see from Fig. 6.3(e–f) that with dc1
near the surface the sensor shows a remarkable AS with sharper loss peak. However, a
number of holes close to the surface creates fabrication difficulties. The reason is, there
is insufficient space near the surface to place the same sized capillary to produce the
smaller air holes. One possible solution may be to use a smaller size capillary outer
diameter. However, different sized holes during the fibre drawing process is problem-
atic in terms of maintaining even pressure through all the holes. Considering this fact
and in order to simplify the design, we remove dc1 and characterize the sensor. We
find that, Fig. 6.3(e–f), removing dc1 reduces the sensing performance and increases the
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loss (AS reduces to 2850 RIU−1 from 3500 RIU−1). However, considering feasibility of
fabrication we choose the sensor without dc1 as optimum, as shown inset of Fig. 6.3(f).
The analysis illustrated in Fig. 6.2 and Fig. 6.3 shows that the optimized sensor exhibits
very high CL, which is a limitation in terms of practical implementations of the sensor
because it also limits the sensor length. Note that, we place an air hole at the center
of diameter dc = d2 = 0.18Λ so that it can deflect the electromagnetic waves from the
center towards the metal dielectric interface. The motivation is to enhance the light-
matter interaction, however that comes with a high CL. We find that removal of dc
decreases the CL from 73 dB/cm to 16 dB/cm for an analyte RI 1.41 and from 218
dB/cm to 39 dB/cm for an analyte RI of 1.42. We find that the resulting change in WS
and AS is almost negligible, as shown in Fig. 6.4(a–b). Therefore considering the CL











Figure 6.4. Loss and sensitivity for analyte variation. (a–b) CL and AS of the LSPR sensor with
and without dc; (c–d) CL and AS having the effect of d2, the outer surface radius (r1),
the pitch Λ1 and the air holes of diameter d3; and (e–f) CL and AS having different
size of d2, (Islam et al. 2019d).
The fabrication of the fibre shown in Fig. 6.4(b) is challenging because of the position
of d2 so close to the surface. It is impossible to place a capillary of size d1 at the position
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of d2 and maintain the shape of the surface. Several solutions to these problems have
been considered, including (i) removing d2, (ii) increasing the radius of outer surface
r1 and (iii) reducing the pitch distance Λ1 of d2 from center, or (iv) machining the sur-
face of the silica preform after fabrication. We characterize the sensor considering all
the possible solutions and the obtained characteristics are shown in Fig. 6.4(c–d). We
started by removing d2 and found that a high AS of 2360 RIU−1 can be obtained, but
with a high CL of 34 dB/cm for 1.41 and 75 dB/cm for 1.42 than with d2. This is because
without d2 the electromagnetic waves from the center of the fibre interact directly with
the plasmonic metal that assists in creating high sensitivity, however this comes at the
price of large scattering that results in high CL. Therefore, it is important to limit the
scattering of light and thus we decide to retain d2, but with optimized position so that
loss can be reduced further maintaining sensitivity and fabrication feasibility.
Next, keeping d2 in its previous position (Λ1 = 1.75Λ) we then increased the radius
of the outer surface (r1) from where we find an extremely low AS of 122 RIU−1 with
broadening of loss peak. Therefore without varying r1, we place d2 in a position where
capillaries of diameter d1 can be used to create both hole sizes required for this design.
As such we reduce the pitch, Λ1 = 1.5Λ, of d2 and maintain sufficient space from the
surface to the air hole. Fabrication will use pressurization of the capillaries to achieve
the desired size of d2. We can see the resulting characteristics, from Fig. 6.4(c–d), with
extremely low CL, 3 dB/cm for 1.41 and 8 dB/cm for 1.42. The optimized sensor,
shown in Fig. 6.4(d), also exhibits a high AS of 2050 RIU−1 and WS of 111000 nm/RIU.
However, in the present optimized structure there is another problem that is still chal-
lenging for fabrication. We can see that, as shown in the inset of Fig. 6.4(d), the air hole
of diameter d3 is still close to the surface that may also be a challenge for fabrication.
Note that it is necessary to keep d3 so that it can act as an obstacle for scattered light
from the core and assist with tighter confinement at the center of the fibre. Considering
the fabrication difficulties there are two possible solutions to facilitate fabrication. One
is to increase (r1) and the another is to reduce the diameter of d3 and characterise the
sensing performance. Previously we observed that increasing r1 dramatically reduces
the AS and therefore the only option now is to reduce d3. Reducing d3 to d3 = 2/3d
we can see that the CL, AS and WS has not change notably. The reason is the pitch
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distance between the air holes (d1) in first ring of cladding. Note that, the reduced di-
ameter for d3 is still larger than the spacing between air holes of diameter d1. Therefore,
d3 are able to reflect back the scattered light inside the center of the fibre to maintain
the performance with easier fabrication. Therefore, we choose d3 = 2/3d1 as optimum
diameter in the second ring of the cladding.
Note that, the size of d2 have also impact on CL and sensitivity therefore we also opti-
mize it that is shown in Fig. 6.4(e–f). We found that, increasing size of d2 decreases the
CL however careful attention should also be given to choose optimum d2 so that light
wave get sufficient path to interact with the plasmonic metal at the surface. A larger
diameter of d2 act as an obstacle of interacting the light from the core with the portion
of metal surface. Therefore, after a certain diameter of d2, with reduction of CL the WS
and AS also start to reduce and loss peak starts to get broad again. Thus, considering











































Figure 6.5. Sensing performance of the optimized LSPR bisensor. (a) CL, (b) AS and (c) fibre
linearity having optimized geometrical parameters of the sensor (Islam et al. 2019d).
The CL and sensitivity experienced by the sensor with changing of RI is shown in
Fig. 6.5(a–b). It can be seen from Fig. 6.5(a–b) that the sensor is highly sensitive with
the change of environment RI that also comes with negligible CL. The losses at reso-
nance peaks for analyte RI 1.33 to 1.43 are found to be 0.02, 0.024, 0.03, 0.041, 0.058,
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0.087, 0.14, 0.25, 0.52, 1.43, and 15.63 dB/cm, see Fig. 6.5(a), which are extremely low
with corresponding resonance peak wavelengths of 580, 600, 620, 640, 660, 690, 730,
790, 880, 1060, and 2180 nm. Note that, the increment of CL with RI is due to lower
penetration of electromagnetic field towards the core and higher penetration towards
the LSPR region. Therefore according to the resonance peak shift we obtain a record
WS of 111000 nm/RIU moreover having sharp resonance peak the sensor also attains
a record AS of 2050 RIU−1. To the best of our knowledge the obtained WS and AS
is maximum with minimum CL in the literature of biosensing. Also note that, we
characterized the sensor for an analyte RI from 1.33 to 1.43, one of the reason is most
of the biochemical and biomedical analytes varies within the RI range of 1.33 to 1.43
(Aray et al. 2016a, Yetisen et al. 2016). Moreover, we can see from Fig. 6.5(a) that the loss
peak broadens for analyte RI of 1.43 that leads to low amplitude sensitivity of around
120 RIU−1, Fig. 6.5(b). Therefore we characterise the sensor for an RI of upto 1.43 be-
cause further increase may lead to false detection of analytes due to such broadening
of the loss peak.
The proposed sensor shows the full-width-half-maximum (FWHM) values are 130, 82,
71, 63, 55, 52, 47, 48, 59 and 138 for analyte RI of 1.33 to 1.42 respectively. With the
increase of analyte RI, resonance peak becomes sharper however, after a certain RI loss
spectra start broadening. Moreover, the linearity of the proposed sensor upto RI of 1.43
is R2 = 0.7789 however a more linear characteristics R2 = 0.9662 is obtained upto RI
of 1.42, Fig. 6.5(c). In addition, the linearity between 1.42 and 1.43 also shown in inset
Fig. 6.5(c) where the obtained R2 is 0.9996.
The sensor length is an important consideration that varies in proportion to CL. Ac-
cordingly, for an analyte RI from 1.33 to 1.43 the proposed sensor shows a high sensor
length of 217, 181, 145, 106, 75, 50, 31, 17, 8, 3, and 0.27 cm respectively. Note that high
sensor length is suitable for practical sensing.
The sensor resolution and LOD are also two important factors in biosensing which
control the extent to which the sensor can precisely detect small changes in sizes and
nearby RI (Paul and Biswas 2018, White and Fan 2008). Considering λmin = 0.1 nm,
according to WS the maximum resolution of the sensor goes upto 9× 10−7 RIU. There-
fore the sensor can detect a tiny change of environmental RI variation that is of the
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order of 10−7. Moreover, based on the obtained maximum resolution the maximum
LOD of the sensor is 8.12× 10−12 RIU2/nm that are best in the literature of biosensing.
In summary, here we show a low loss, highly sensitive LSPR-PCF based sensor for
SERS response intensification in the visible to mid-IR spectrum. We demonstrated
the way how we obtained a sensor design with optimized geometrical parameters.
Our study shows, the sensor can attain a record WS and AS of 111000 nm/RIU and
2050 RIU−1 with maximum sensor resolution and LOD of 9 × 10−7 RIU and 8.12 ×
10−12 RIU2/nm respectively. As shown in Fig. 6.1(b) the proposed sensor can be made
using capillary stacking and open new possibilities for highly sensitive and precise
detection of bioanalytes.
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6.2 A hi-bi ultra-sensitive SPR fibre sensor
In this section, a simple, miniature, and highly sensitive photonic crystal fibre (PCF)
based surface plasmon resonance (SPR) sensor is proposed. The target analyte and the
plasmonic material are at the outer surface of the fibre making practical applications
feasible. A 30 nm gold (Au) layer supports surface plasmons. A thin titanium dioxide
(TiO2) layer is used to assist adhesion of Au on the glass fibre. The fibre cross section
is formed purely by circular-shaped holes simplifying the preform manufacturing pro-
cess. A high birefringence (hi-bi) fibre is obtained by means of an array of air holes
at the center of the fibre. A Finite Element Method (FEM) is employed to analyse the
surface plasmon properties of the proposed PCF-SPR sensor. By optimizing the geo-
metric parameters, a maximum wavelength sensitivity (WS) of 25, 000 nm/RIU and an
amplitude sensitivity (AS) of 1, 411 RIU−1 for a dielectric refractive index (RI) range
of 1.33–1.38 is obtained. Moreover, an estimated maximum resolution of 4× 10−6 and
Figure of Merit (FOM) of 502 is obtained that ensures high detection accuracy of small
RI changes. Owing to its sensitivity and simple architecture, the proposed sensor has
potential application in a range of sensing application including biosensing.
6.2.1 Introduction
Surface plasmon resonance (SPR) is a phenomenon that occurs when the frequency of
incoming photons match the frequency of surface electrons. A slight change in sur-
rounding RI potentially changes the effective RI experienced by the surface plasmon
polariton (SPP) mode causing a shift of resonance wavelength and the unknown di-
electric can be detected by observing the resonance peak shift. Note that the exploita-
tion of SPR is advantageous for optical sensing because of its effectiveness, real-time
detection and convenient operation (Homola et al. 1999, Carrascosa et al. 2014). No-
tably, SPR technology is promising for applications in food safety, security, medical
testing, biomolecular analyte detection, and medical diagnostics (Carrascosa et al. 2014,
Lee et al. 2009).
In recent years, SPR modes supported by PCF have gained significant attention due
to (i) the freedom to adjust optical parameters, by design, through the geometry of
the structure, (ii) light weight, and (iii) controllable birefringence, making it ideal for a
range of sensing applications (Islam et al. 2017a, Islam et al. 2018j, Dash and Jha 2016,
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Dash and Das 2018, Dash et al. 2018, Dash and Jha 2015). Various optical fibre based
RI sensing methods have been reported in the literature that include fibre Bragg grat-
ing (FBGs) (Iadicicco et al. 2005, Chryssis et al. 2005, Osório et al. 2017), long period
fibre gratings (LPFGs) (Patrick et al. 1998), and modal interferometers (Zhou et al. 2015)
etc. Chryssis et al. (2005) reported a RI sensor with an etched FBG, while in order
to increase the sensitivity to environmental RI’s the same etching process can also
be applied to LPFGs (Patrick et al. 1998). Modal interferometers using tapered single
mode fibre and based on core diameter mismatch provide new sensing opportunities
(Zhou et al. 2015, Zibaii et al. 2010). However, most of the reported sensors provide low
sensitivity (Tien et al. 2018).
With the development of nanotechnology, several ways of improving the sensing per-
formance of conventional SPR sensing techniques have emerged. One of the key strate-
gies is the use of gold or silver nano particles with a diameter in the range of several
tens nanometers or smaller where free electrons are trapped on a nanoparticle surface
(Zeng et al. 2017). Under proper optical excitation these free electrons can oscillate col-
lectively, and this results in localized SPR (LSPR). Note that, like SPR, LSPR is also sen-
sitive to the change in the localized dielectric medium (Lopez et al. 2017). However, in
addition to metallic nanoparticles recent advancements have shown other choices for
sensitivity enhancement. The choices are quantum dots (QDs), graphene, hydrogel,
magnetic and silicon nanoparticles and in most of the cases the sensitivity enhance-
ment can be carried out using analyte enrichment. Recent reports show that plasmonic
nanostructured arrays can also be used as a technique to improve the sensing perfor-
mance (Jiang et al. 2018, Chau et al. 2017).
Utilizing the properties of PCF and different plasmonic materials, research has been
carried out for SPR sensing. Generally, there are two types of SPR sensing approaches;
(i) internal sensing and (ii) external sensing. In the internal sensing approach, the
metal coating and dielectric fluid are placed inside the fibre. For example, this can be
achieved by selectively filling air holes with the dielectric liquid to be analyzed. Using
this internal sensing approach Shuai et al. (2012) designed a sensor with multi-analyte
coating fibre and achieved a maximum negative sensitivity of −5, 500 nm/RIU. Later,
Xue et al. (2013) proposed a Au coated fibre where the dielectric and metallic channel
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were considered inside the surface. Moreover, Gao et al. (2014a) proposed a TiO2 coat-
ing based fibre that also fails to improve the sensing performance. Recently, Rifat et al.
(2018) improved the sensitivity using the internal sensing approach. However, fabri-
cation of this PCF is difficult due to (i) the need for internal metal coating and (ii) the
requirement for filling the small air holes with the target dielectric (Rifat et al. 2017).
Moreover, refilling and emptying of selected air holes is quite difficult and time con-
suming and thus the internal sensing approach is not feasible for real-time sensing
(Luan et al. 2015).
Note that a PCF with a D-shaped structure provides a possible solution to internal
sensing as the metallic and dielectric channels can be placed on the flat surface of
the fibre and in direct contact with the external medium. A numerical study of D-
shaped structure shows that the flat surface achieves high sensitivity (Rifat et al. 2016,
Haque et al. 2018, Haque et al. 2019). A numerical study on dual sided polished fibre
is also reported (Liu et al. 2018b). An experimental study on a side-polished struc-
ture shows a high wavelength sensitivity of 21, 700 nm/RIU with the RI range of 1.33
to 1.34. Although the cleaning of a D-shaped PCF is advantageous for refilling with
the dielectric liquid, the standard surface polishing and etching of particular parts of
a micro-structured PCF are challenging in practice (Dash and Jha 2015, Rifat et al. 2016).
Considering the limitations of the internal sensing mechanism and sensing with a side
polished PCF, external sensing is attractive as an approach for practical applications. In
an external sensing, the dielectric fluid is placed in contact with the outer metallic layer
of the PCF, that facilitates the cleaning and re-use of the fibre sensor with subsequent
dielectrics. Therefore, considering external sensing, Dash and Jha (2014) proposed a
graphene-coated fibre and achieved a maximum WS and AS of 5, 000 nm/RIU and
860 RIU−1 respectively. For further improvement, we propose a rectangular core gold
coated SPR sensor that can achieve improved sensing performance, however achiev-
ing a rectangular shaped core is inconvenient for fabrication (Islam et al. 2018i). A
spiral-shaped PCF has also been proposed but failed to improve the sensing perfor-
mance (Hasan et al. 2017). Liu et al. (2018c) proposed a gold-coated fibre that achieves
a maximum WS of 15, 180 nm/RIU, however, due to large loss peak broadening they
obtained a low AS of 498 RIU−1.
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In this section, we show a highly birefringent PCF-SPR sensor where the detection of
unknown dielectrics can be carried out externally. The aim is to achieve improved WS
and AS with high sensor resolution, long sensor length and high FOM. The simplicity
in design enables a fabrication feasible PCF that opens the opportunity to commercial
utilization of the sensor.
6.2.2 Modelling and theoretical analysis of the sensor
The modelling and numerical analysis is carried out using commercially available soft-
ware COMSOL 5.3a where the Wave Optics module with the Electromagnetic Waves, Fre-
quency Domain (EWFD) solver is used to investigate the guided response. The Physics
Controlled Mesh sequence with Extremely Fine element size were used to obtain the best
accuracy in numerical simulations where the structure subdivides into 229, 042 num-
ber of elements with minimum element quality of 0.7081, average element quality of
0.9618, element area ratio of 4.274 × 10−4, and mesh area of 116 µm2. For meshing
the Au layer we use the resolve wave in lossy media function of COMSOL where Au is
meshed in free space with a maximum mesh element size and that ensures simula-
tion accuracy. The mesh characteristics of the Au layer are as follows, the number of
vertices = 16, 332, number of elements = 27, 220, maximum element size = 0.122 µm,
minimum element quality = 0.8537, Average element quality = 0.951, and mesh area =
0.6715 µm2. Note that, the proposed model converged with the defined mesh property.
We use silica (SiO2) glass as the bulk material whose RI profile can be obtained from





λ2 − 0.0047 +
0.408λ2
λ2 − 0.014 +
0.897λ2
λ2 − 97.934 (6.1)
where λ in micron stands for the wavelength of light. Note that, Eqn. 6.1 is valid for
the wavelength region of 0.22 to 3.71 µm (Malitson 1965). At the center of the SiO2
fibre an array of air holes of diameter dc are used. The function of these air holes is
to deflect the electromagnetic (EM) wave from the center towards the metal so that a
strong plasmonic effect can be created. These also helps to create birefringence via an
asymmetry required for maintaining the polarization modes. Although it is possible
to create birefringence using a rectangular or an elliptical shaped air hole in the core,
this is at the cost of increased fabrication complexity.
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Figure 6.6. Schematic cross section and propagation modes of the Hi-Bi sensor. (a)
Schematic cross section with an enlarged view of the core where the yellow arrows
indicate the direction of coupling of the core mode with the plasmonic mode; the opti-
cal field distribution at fundamental core mode (b) x-pol., (c) y-pol., and SPP mode at
(d) x-pol., (e) y-pol. at an dielectric RI of 1.36 with resonance wavelength of 0.77 µm
for x-pol. and 0.79 µm for y-pol (Islam et al. 2019b).
The cladding is based on circular shaped air holes of diameters d, and d1. Arrangement
of air holes having diameter d is carried out in such a way so that these can force the
EM field to interact strongly with the metal. This facilitates a strong plasmonic effect
in the created interaction channels—the created channels with the help of air holes of
diameter d are shown by dotted yellow arrows in Fig. 6.6(a). Here, four air holes of
diameter d1 are also placed on the way of the interaction channels that helps to reduce
the confinement loss (CL) significantly. The E-field distribution of the proposed PCF-
SPR for both x and y polarization is shown in Fig. 6.6(b–e). It can be observed that
light is well confined in the core for both the polarization and interacts strongly with
the plasmonic mode. The strong plasmonic property is an indication of achieving high
WS and AS.
In contrast to previously reported PCFs (Dash and Jha 2014, Hasan et al. 2017, Liu et al.
2018c) highlighted in Tab. 6.2, the proposed sensor is novel in the sense that it cre-
ates birefringence by creating asymmetry at the center of the fibre, creates four distinct
channels for light interaction with the plasmonic metal, uses an additional layer (TiO2)
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to support Au and improves the sensing performance over a large scale.
There are several materials such as gold (Au), silver (Ag), aluminium (Al), copper (Cu),
indium tin oxide (ITO), and titanium nitride (TiN) that can be used to support surface
plasmons in the optical frequency range. Among them, Au and Ag are widely used
because of their relatively low loss in the visible to near-infrared (West et al. 2010). The
Ag gives rise to a sharper resonance peak compared to Au, however, when placed
in a humid environment it becomes oxidized and this reduces the analyte detection
accuracy (Rifat et al. 2015). On the other hand, Au is chemically stable, bio-compatible,
and gives rise to a larger shift in the resonance wavelength. However, for very thin Au
layers it experiences island growth and may flake off from the glass fibre. The material
dispersion of gold can be characterized by the Drude-Lorentz model (Vial et al. 2005),







where ε∞ = 5.9673, ∆ε = 1.09 denotes the permittivity and the weighting vector re-
spectively, ω represents the angular frequency, ωD is defined as the plasma frequency
and γD represents the damping frequency, where ωD/2π = 2113.6 THz, and γD/2π =
15.92 THz. Moreover, ΩL and ΓL indicate the frequency and spectral width of the
Lorentz oscillator where ΩL/2π = 650.07 THz and ΓL/2π = 104.86 THz (Vial et al.
2005).
To solve the adhesion problem of Au, a thin TiO2 layer that has high RI having the fea-
tures of non-toxicity and environmental compatibility is frequently used in between
Au and glass. The deposition of TiO2 thin film also increases the surface plasmonic
excitation that generate enhanced evanescent field. These create enhanced interaction
of surface plasmons with its contacting dielectric, improves the sensitivity. This is be-
cause the TiO2 has a high refractive index than the fibre itself. Therefore when a thin
film of TiO2 is placed on the glass surface it strongly attract the field from the core
guided mode and strong coupling is created between the core guided and the plas-
monic mode (Tien et al. 2018, Rifat et al. 2016). Note that, there are multiple anisotropic
microcrystallite rutile and sphalerite phases of TiO2, with very high refractive index,
and an amorphous phase with varying degrees of density (Kischkat et al. 2012). Both
the phases have different refractive index profiles that must be considered during an
experiment. However, as this is a simulation study, we therefore use a generalized
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form of isotropic TiO2 whose refractive index profile can be obtained from the follow-





λ2 − 0.803× 107 (6.3)
where, nt denotes the RI of TiO2 and λ is in Angstroms.
At the Au surface we consider a dielectric layer where an analyte of particular refrac-
tive index (na) can be placed. Note that we consider the dielectric layer in contact
with the outer surface so that filling and cleaning of analytes can be carried out easily.
As this is a simulation study therefore the Au surface is not functionalized hence the
surrounding of the sensor is homogeneous and has the refractive index of na. There-
fore, the thickness of dielectric layer does not have any impact on the sensing perfor-
mance, however, for simulation purposes we consider a constant dielectric thickness
of 2.0 µm. As surface plasmons are extremely sensitive to the change of environmental
RI, changes in local RI on the plasmonic metal surface can be determined by observing
the changes of resonance wavelength, phase or intensity (Špačková et al. 2016). We
vary the dielectric RI on the surface and observe the sensing performance. Note that
this method of considering the analyte layer and method of calculating the sensitiv-
ity follows the standard approach in a number of references (Lee et al. 2009, Dash and
Jha 2015, Iadicicco et al. 2005, Lopez et al. 2017, Rifat et al. 2018, Rifat et al. 2016, Liu et al.
2018b, Hasan et al. 2017, Aray et al. 2016b, Ding et al. 2017, Jiao et al. 2018, Luan et al.
2015, Chu et al. 2018, Liu et al. 2018b).
A mathematical boundary condition, ie. a perfectly matched layer (PML), which by
definition absorbs any energy that might be radiated, is added at the outer surface of
the computational region. Note that there is no physical existence of the PML in prac-
tice, however, convenient to use in order to make the computation region finite (Shin
and Fan 2012). The optical properties of the PML are similar to the dielectric and there-
fore PML thickness also has no impact on the overall sensing performance. However,
for simulation purposes we consider a PML thickness similar to the dielectric thick-
ness.
The proposed sensor is feasible for fabrication as it contains only circular shaped air
holes. The different size of air holes can be realized using the standard stack-and-draw
Page 125
6.2 A hi-bi ultra-sensitive SPR fibre sensor
method (Amouzad Mahdiraji et al. 2014, Russell 2003). Drilling in the preform stage is
also a possible route to create the holes and fabricate the fibre (Kostecki et al. 2012). The
thin Au and TiO2 layer can be achieved using chemical vapor deposition (CVD), high-
pressure microfluidic chemical deposition and wheel polishing methods (Zhang et al.
2007).
The performance evaluation of the sensor is carried out using the resonance peak shift
of the CL spectra that can be obtained from the following equation (Dash et al. 2018,




× Im(neff)× 104, dB/cm (6.4)
where λ indicate the operating wavelength in microns, and Im (neff) represents the
imaginary part of the complex RI of the core guided mode.
The sensitivity of a sensor can be determined using both the wavelength and ampli-
tude interrogation technique. According to the wavelength interrogation method the





where, ∆λpeak denotes the wavelength difference between the loss peak shift and ∆na
indicates the change in dielectric RI.
The other sensing measurement method known as amplitude sensitivity that can be







where α(λ, na) is the overall loss where the dielectric RI is equal to na, δα(λ, na) repre-
sents the difference between two consecutive loss spectra due to a change of dielectric
RI, and δna indicates the change in dielectric RI.
Besides the high sensitivity of a sensor, the the length of the metal covered fibre is also
an important property. Considering the input power launched into the fibre is P0, the
detected power at the output can be obtained by the following expression (Dash and
Jha 2016)
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P(L, λ, na) = P0e−α(λ,na)L (6.7)
where α(λ, na) is the attenuation constant and can be defined by Eqn. 6.7, L indicates





The goal of this work is to propose a fibre design based solely on circular holes and
whose metal layers are in the external interface of the waveguide. The fibre also needs
to be highly birefringent in order to allow the transmitted signal to keep its linear
polarization state along all fibre length. Denoting nx and ny the effective refractive
indices of x and y polarization, the birefringence can be calculated as
B = nx − ny. (6.9)
Sensor resolution that depends on the WS/AS determines the degree of dielectric RI





where, ∆na represents a change in dielectric RI, ∆λmin defines the estimated minimum
wavelength resolution, and ∆λpeak determines the difference in resonance peak shift.
6.2.3 Sensor performance analysis
The performance analysis of the proposed sensor is carried out by optimizing different
geometrical parameters that include Au film thickness tg, TiO2 film thickness tt, air
hole diameters d and d1, and number of core air holes nc.
Optimization of film thickness
Our simulations focused on the visible to near infra-red region and the sensor perfor-
mance was evaluated from 0.5 to 1.2 µm. Initially we tuned the geometrical param-
eters of the PCF and obtained an improved sensing performance with dc = 0.125Λ,
d = 0.67Λ, d1 = 0.09Λ, Λ = 1.65 µm, Λ1 = 1.16 µm, nc = 5, tg = 30 nm, and tt
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= 5 nm. However, to show the performance variation with different parameter we
first vary the tt thickness while keeping the other parameters constant. The effect is
shown in Fig. 6.7(a–b), where it can be seen that without TiO2 the CL is relatively low,
however, the WS and AS are also low. As the tt increases the CL also increases and
resonance peak shifts towards longer wavelengths. For tt = 10 nm the CL is higher
than tt = 0 nm and tt = 5 nm, moreover the loss peak broadens that results a low AS
than experienced with tt = 5 nm. Therefore, considering the loss peak broadening, WS







Figure 6.7. Optimizing the plasmonic materials of the sensor. CL, for RI of 1.36 and 1.37, and
AS (for 1.36), for the variation of TiO2 thickness where tg kept fixed at 30 nm (a-b); and
for the variation of Au thickness where tt kept fixed at 5 nm (c-d), (Islam et al. 2019b).
It is well known that the Au film thickness tg has a sharp impact on the CL, resonance
peak shift and sensing performance of a fibre SPR sensor. Therefore, to investigate
the effect of Au on the sensing performance we varied tg and kept other parameters
constant. The performance of the sensor with tg variation is shown in Fig. 6.7(c–d)
which indicate that increasing tg increases the CL and shifts the resonance peak to-
wards longer wavelengths by means of broadening the loss peak, Fig. 6.7(c). Using
tg = 40 nm drastically reduces the AS Fig. 6.7(d) and induces a high loss reducing
the maximum length of the fibre that could be metal coated—this is not desirable for a
practical implementation. For tg = 20 nm, the CL is low, however, that comes with a
lower AS (970 RIU−1) than tg = 30 nm (1, 412 RIU−1). Moreover, the WS at tg = 30 nm
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is greater (9,000, nm/RIU) than tg = 20 nm (4,000, nm/RIU). Therefore, we consider






Figure 6.8. Optical field distribution at fundamental core mode. (i) solid core where nc = 0, (ii)
changing nc = 3, and (iii) nc = 5 (a); birefringence having nc = 0, 3, 5, and effective
RI of x and y-pol for an analyte RI of 1.36 (b), CL for an analyte RI of 1.36 and 1.37
(c), and AS for an analyte RI of 1.36 (d), having nc = 0, 3, and 5, (Islam et al. 2019b).
Effect of core air holes on birefringence and sensing performance
The number of air holes in the core (nc) has significant impact on the CL and over-
all sensitivity of the PCF-SPR sensor. Therefore, we observe the effect of solid core as
well as core with different number of air holes. At optimized TiO2 and Au thickness
(tt = 5 nm and tg = 30 nm) with other constant values, the obtained electric field distri-
bution having solid core, core with three air holes and core with five air holes is shown
in Fig. 6.8(a). It is observable that the EM field within a solid core has low interaction
with the surface whereas maximum interaction is obtained with a core possessing five
air holes. It can be seen that, with solid core, the sensor experiences negligible CL,
Fig. 6.8(c), however, that comes with low sensitivity, Fig. 6.8(d) and undesirable close
to zero birefringence, Fig. 6.8(b). Note that birefringence is an important property of a
fibre based plasmonic sensor as it will lead to a differential sensitivity between x- and
y-polarized signals. More importantly, the input signal launched on the fibre axis will
keep its polarization state along the fibre (Dash and Jha 2014, Liu et al. 2018c, Dash and
Jha 2016).
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Moreover, a birefringent fibre is required for signal detection. This is based on launch-
ing polarized broadband light in one of the fibre polarization axes while detecting the
transmitted signal in a fibre spectrometer. By characterizing the wavelength and am-
plitude shift of the transmitted spectrum, and using previously measured data, the RI
of the fluid that baths the fibre can be characterized.
With nc = 3 we can see that the sensitivity increases over that of a solid core, however,
maximum WS and AS with high birefringence is obtained having nc = 5. Therefore,
we consider nc = 5 as optimum of our designed sensor. We can see the fibre bire-
fringence increases with the wavelength. This behaviour is related with the fact that
longer wavelengths spread more within the fibre cross section being more influenced
by the asymmetric holes distribution. Note that, we also investigate the sensor perfor-
mance at nc = 1, however, we do not consider that as optimum because it creates zero
birefringence with low sensitivity.
Note that the coupling between the fibre core mode and the plasmonic mode depends
on the polarization of optical signal that reaches the coated region of the fibre. The
device response can be analysed with the help of Fig. 6.10(a–d) where it can noted
the phase-matching wavelength and coupling strength (in practical terms, the induced
loss) depend on the polarizing state of the guided mode (x or y direction). To obtain
a sensing device with a reproducible and predictable response this phase matching
should be as independent as possible of external spurious influences as fibre bending,
temperature variations etc. The use of a single mode hi-bi fibre helps to address this
issue. In our proposed design we reached such situation with a microstructured op-
tical fibre whose cross section is formed just by circular holes, turning its fabrication
feasible via the well-known stacking-and-draw technique (Russell 2003) or by directly
drilling the holes on the fibre preform stage (Kostecki et al. 2012).
Our fibre is, in practical terms, single mode as the first higher order mode presents a CL
that is 1.37 times bigger than the fundamental core mode. The fibre is also highly bire-
fringence (B ∼ 10−3) when we add the central holes in the core area—see Fig. 6.8(b).
This means that any linearly polarized light that is launched on the x or y axis of the
fibre will keep this polarization stage along the fibre length, independently of exter-
nal mechanical and thermal perturbations the fibre may suffer. By choosing between
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launching the input signal in the y or x axes we can select between improving the fibre




Figure 6.9. Confinement loss and amplitude sensitivity. CL having RI’s of 1.36 (dashed line),
1.37 (solid line) and AS (1.36) on the variation of d, (a-b); and CL having RI’s of 1.36
(solid line), 1.37 (dashed line) and AS (1.36) on the variation of d1), (c-d), (Islam et al.
2019b).
Effect of cladding air holes d and d1
The effect of cladding air holes of diameter d is shown in Fig. 6.9(a) and Fig. 6.9(b).
We can see that, higher CL is obtained at d = 0.64Λ and lower AS is obtained at d =
0.70Λ. However, moderate CL and highest sensitivity are obtained at 0.67Λ therefore
we choose 0.67Λ as optimum for d.
The air holes d1 at four corners have also significant impact on CL and overall sensing
performance of the sensor. Therefore we investigated the performance of the sensor
with and without d1 that is shown in Fig. 6.9(c-d). It can be seen that without d1 the
sensor experiences a high CL that also comes with a low wavelength and AS as com-
pared to the fibre having d1. This is because, without d1 the EM fields from the core
scattered largely towards the metal therefore creates high CL with loss peak broaden-
ing, however, placing air holes at four corners limits scattering and therefore reduce
the loss. Hence we decided to keep air holes at four corners, however, with optimized
diameter. Note that, we cannot make d1 = d because that will prevent the EM fields
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Peak Amplitude Wavelength Figure of
dielectric wavelength (nm) sensitivity (RIU−1) sensitivity (nm/RIU) merit (FOM)
RI x-pol y-pol x-pol y-pol x-pol y-pol x-pol y-pol
1.33 670 670 242 242 2, 000 3, 000 42 64
1.34 690 700 398 455 4, 000 4, 000 89 90
1.35 730 740 631 826 4, 000 5, 000 91 104
1.36 770 790 1311 1412 8, 000 9, 000 182 178
1.37 850 880 837 404 16, 100 25, 000 319 502
1.38 1011 1120 N/A N/A N/A N/A N/A N/A
Table 6.1. Performance analysis of the proposed sensor. The wavelength sensitivity, the ampli-
tude sensitivity, and the FOM is analysed over analyte RI variation.
from passing through and interacting with the metal to create an evanescent wave.
Therefore we varied d1 and found d1 = 0.18Λ shows low CL, however, d1 = 0.09Λ
shows improved sensing performance. Therefore, we choose d1 = 0.09Λ as the opti-





Figure 6.10. The wavelength dependent dispersion relation of the proposed sensor at fun-
damental core mode, SPP mode and loss spectra for an dielectric RI na = 1.36,
at (a) x-pol, (b) y pol.; CL at optimized geometrical parameters including the metal
thickness for (c) x-pol., and (d) y-pol, (Islam et al. 2019b).
Dispersion relation and optimized sensor performance
The dispersion relation of the proposed sensor for a dielectric RI of 1.36 is shown in
Fig. 6.10(a–b). It can be seen that at the RI matching point of the core mode and SPP
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Ref. Sensing RI B = Bx-By Amp. Max. Wavel. Sensor FOM










1.22–1.37 - 1, 872 51, 000 1.96× 10−6 566
(Dash and
Jha 2014)
External 1.33–1.37 - 860 5, 000 4× 10−5 -
(Hasan et al.
2017)
External 1.33–1.38 - 420.4 4, 600 2.17× 10−5 -
(Liu et al.
2018c)
External 1.40–1.43 - 498 15, 180 5.68× 10−6 -
This Thesis External 1.33–1.38 1.6× 10−3 1, 411 25, 000 4× 10−6 502
Table 6.2. Comparison of performance of the proposed sensor with prior sensors. The sens-
ing approach, birefringence, sensitivity, sensor resolution, and FOM are considered as
performance measurement metrics.
mode the CL reaches to its maximum. The higher loss is obtained at y-polarization
than the loss in x-polarization as high penetration of electric field from the core to-
wards the dielectric occurs at y-polarization.
Fig. 6.10(c–d) show the peak shift of absorption loss for a range of dielectric RI. Here,
all the performance evaluation of the sensor is based on change of effective refractive
index of the core guided mode. From Fig. 6.10(c) we can see that the loss peaks are
obtained at 670, 690, 730, 770, 850, and 1,011 nm where the wavelength differences are
20, 40, 40, 80, and 161 nm respectively for dielectric RI range of 1.33–1.38. Similarly for
the y-polarization, according to Fig. 6.10(d) the wavelength differences are 30, 40, 50,
90, and 250 nm respectively.
In this study we focused on the refractive index range around water (1.33 to 1.37) due
its possible application in real time analysis of samples with biological interest. The
waveguide geometrical parameters and the metals thickness were optimized to this
range as well. There are a number of biological agents and chemical solutions that
have refractive index within the specified range (1.33-1.38) (for example, ethanol =
1.361, acetone = 1.36, 10% glucose solution in water = 1.3477, 20% glucose solution
in water = 1.3635, liver (human) = 1.369, intestinal mucosa (human) = 1.329-1.338) etc
that the proposed sensor can detect. Note that the reported RI range is very similar to
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previously reported SPR sensors (Dash and Jha 2014, Liu et al. 2018c, Aray et al. 2016b,
Luan et al. 2015). However, instead of using the name of dielectrics we used the relative
















Figure 6.11. Relationship between the resonance wavelength with refractive indices. Reso-
nance wavelength vs dielectric RI (a); AS for x-pol (b); AS for y-pol (c); and Sensing
length (d), having na = 1.33–1.38 and for both x and y polarization mode, Islam et al.
(2019b).
According to the wavelength interrogation method mentioned in Eqn. 6.5 the obtained
WS’s for the x polarization are 2,000, 4,000, 4,000, 8,000 and 16,000 nm/RIU while for
the y-polarization the sensitivities are 3,000, 4,000, 5,000, 9,000 and 25,000 nm/RIU for
RI range of 1.33–1.37 respectively. In Fig. 6.11(a), we further show the change of reso-
nance wavelength by means of dielectric RI from where the wavelength sensitivity can
easily be calculated for x- and y- polarized signals.
Apart from WS, the sensing performance is also carried out using the amplitude in-
terrogation (AI) method as mentioned in Eqn. 6.6. Note that, obtaining an AS is less
complex than WS as it does not require spectrum monitoring, whereas dielectric de-
tection is carried out for a particular wavelength (Gauvreau et al. 2007). Fig. 6.11(b–c)
show the AS of the proposed sensor for both x and y polarization. We can see that
with the increase of dielectric RI the AS increases upto na = 1.36 and then starts to
decrease. This is because, a sharp loss peak is obtained up to na = 1.37 that then starts
broadening thus the AS also begins to decrease.
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The sensing length with different dielectric RI variation is shown in Fig. 6.11(d) that
is derived from Eqn. 6.11. It indicates that as the dielectric RI increases the sensing
length decreases because the length of a sensor is totally dependent on the absorption
loss. According to the observation of Fig. 6.11(d) we can conclude that sensing length
of a few millimetres to a centimetre can be used to detect dielectrics over a useful range
of refractive indices.
According to Eqn. 6.10, for a best-case estimate considering ∆λmin = 0.1 nm, the pro-
posed sensor shows high wavelength sensing resolution of 6.21 × 10−6 in the x po-
larization and 4× 10−6 in the y polarization. Therefore, the proposed sensor can in
principle detect a tiny change in RI of the order of 10−6.
Another important metric known as the FOM characterizes the overall performance
of a sensor that can be defined as a ratio of sensitivity to full width at half maximum
(FWHM) (FOM = Sλ (nm/RIU)/FWHM (nm)) (Liu et al. 2018b, Srivastava et al. 2013).
A high performance sensor can be realized when the sensitivity increase and FWHM
decrease. The FOM for different dielectrics of the proposed sensor is shown in Tab. 6.1
from where we can see that a maximum FOM of 319 is obtained for x-polarization and
502 is obtained for y-polarization. Note that, a larger FOM means a better detection
limit (Liu et al. 2018b).
The performance evaluation based on WS, AS and FOM with changing dielectric RI is
shown in Tab. 6.1. It can be seen that, maximum AS of 1,311 and 1,412 RIU−1, max-
imum WS of 16,100 and 25,000 nm/RIU, and maximum FOM of 319 and 502 are ob-
tained for the x and y polarizations respectively. A detail performance analysis of the
proposed sensor with the prior sensors that use external sensing approach is carried
out and shown in Tab. 6.2. Comparing with the purely external (not side polished)
sensing approach based sensors it can be seen that the proposed sensor shows im-
proved performance in consideration to wavelength sensitivity, AS, birefringence, sen-
sor resolution and FOM.
In this section, a simple Au-TiO2 based PCF-SPR sensor is analysed. Based on opti-
mized structural parameters, the polarization sensitive sensor shows a relatively high
AS of 1,411 RIU−1 and WS of 25,000 nm/RIU with high degree of detection limit. The
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fibre design is also highly birefringent what potentially improves the sensing perfor-
mance. Moreover, the sensor attains a high FOM that indicates the high overall sensing
performance. The practical utilization of the sensor is simple as it utilizes an external
sensing approach with only circular shaped air holes. The long length of the sensor is
another attractive feature that in addition with suitable surface functionalisation makes
the proposed sensor promising for biosensing applications.
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6.3 An exposed core localized SPR biosensor
Here we characterize an exposed core photonic crystal fibre (PCF) for biosensing ap-
plications. Surface plasmons are excited within gold (Au) strips and titanium dioxide
(TiO2) is employed to support adhesion of Au with glass. In consideration of ease of
fabrication, only four air holes are used to simplify the sensor structure. Simulation re-
sults show an improved wavelength and amplitude sensitivity of 34, 000 nm/RIU and
1, 170 RIU−1 respectively that comes with a low confinement loss (CL) of 0.79 dB/cm.
Results also indicate a low full width at half maximum (FWHM) that contributes to
high figure of merit (FOM) of 310.
6.3.1 Introduction
Sensors based on localized surface plasmon resonance (LSPR) are in increasing de-
mand as they are cost effective, easy-to-use and portable point-of-care diagnostics plat-
forms that require small sample volume and real time response. Surface plasmons
were first introduced with prism coupling for gas detection and biosensing applica-
tions (Liedberg et al. 1983). Surface plasmons are surface charges generated when the
electromagnetic (EM) field is confined and propagates along the interface between a
metal and dielectric. This propagation of light along a metal-dielectric interface excites
the metal surface electrons to initiate oscillation—creating a surface plasmon wave
(SPW) (Zhao et al. 2014). Surface plasmons are extremely sensitive to the environment
therefore a tiny change in environmental refractive index (RI) potentially shifts the res-
onance of the SPP mode and an unknown dielectric of different RI can be detected by
observing the resonance peak shift in the response. Note that prism-coupled SPR sen-
sors are widely used but are bulky in size thus limiting the range of application (Gupta
and Verma 2009).
Among biosensing devices, PCF based optical sensors are considered advantageous
because of their properties leading to light weight, single mode guidance of light,
design flexibility, immunity to electromagnetic interference, and controllable birefrin-
gence (Lopez et al. 2017, Otupiri et al. 2015). Among the plasmonic sensors, LSPR
sensors are regarded as a novel counterpart of the well established surface plasmon
resonance (SPR) sensors, as the LSPR sensing area can be strongly confined to the size
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of the structure that supports it, which can potentially improve the sensing perfor-
mance. In LSPR, the SP excitation takes place in metal particles or strips where their
size is smaller than the wavelength of light. Devices based on LSPR are advantageous
because of their effectiveness, strong optical confinement, local field enhancement and
real-time detection (Gao et al. 2014b, Homola et al. 1999, Carrascosa et al. 2014, Dash
and Jha 2014, Islam et al. 2019d).
Since the emergence of fibre SPR sensors (Jorgenson and Yee 1993), experimental stud-
ies based on standard fibres were carried out to demonstrate SPR phenomena in biolog-
ical sensing applications. Different types of fibres including multimode (Zhang et al.
2017), single mode (Coelho et al. 2015), microstructured (Wu et al. 2017), twin core
(Liu et al. 2015), tapered coreless fibre (Ding et al. 2017), and fibres with doped core (Jha
and Badenes 2009) have been investigated. Note that, multimode fibres have relatively
large core diameter providing efficient optical coupling as compared to that of single
mode fibre. However, the large number of propagation modes in a multimode fibre re-
quires phase matching. The twin core fibre, tapered coreless fibre and doped core fibre
add additional complexity in fabrication. Therefore, it is necessary to consider fibres
that can achieve improved sensing performance over the standard fibres with ease of
fabrication (Jorgenson and Yee 1993, Zhang et al. 2017, Coelho et al. 2015, Wu et al. 2017,
Liu et al. 2015, Ding et al. 2017, Jha and Badenes 2009). Holey fibres show the potential
of improved sensing performance with low transmission loss however the design must
consider fabrication feasibility (Islam et al. 2018e, Islam et al. 2018i, Islam et al. 2019d).
For applications such as low loss transmission, interferometric based sensing, and
different order of harmonic generation (Wu et al. 2017, Azman et al. 2019, Hu and
Ho 2017, Warren-Smith et al. 2019, Li et al. 2018b), several experimental studies have
already been carried out that have enhanced the possibility of utilizing the holey fibres
for plasmonic sensing applications.
Considering the merits of optical fibre, recently we reported an optical sensor in the
visible to mid-infrared range (Islam et al. 2018e, Islam et al. 2018i, Islam et al. 2019b). By
using gold (Au) as the plasmonic metal we obtained a high sensitivity however that
comes with high CL. Moreover, due to the use of a large number of different sized air
holes the fabrication is challenging. Using a similar sensing approach different sensor
structures were also proposed (Liu et al. 2018c) however they failed to improve the
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sensing performance and presented additional complexity for fabrication. A different
type of SPR sensor also known as a D-shaped PCF is also reported for sensing applica-
tions, however, there are practical difficulties in polishing the surface in order to obtain
the D-shape (Liu et al. 2018b). An internal sensing mechanism has been reported for
PCFs, however, filling them with the analyte and cleaning for re-use present practical
difficulties (Rifat et al. 2018). Here, internal sensing refers to filling PCF air holes with
the analyte solution—this can be carried out via a syringe (ie. withdrawal or pumping
mode)—whereas external sensing refers to contacting the analyte to the fibre surface.
However, it has been necessary to eliminate thick cladding layers from these fibres
(Islam et al. 2018e, Islam et al. 2018i, Islam et al. 2019b, Liu et al. 2018c, Liu et al. 2018b, Ri-
fat et al. 2018) to allow fields to interact directly through evanescent waves arising from
the core/cladding boundary region, resulting in a loss of mechanical strength. As a so-
lution, LSPR based sensors were introduced to enhance the sensing performance as
well as minimizing the size and cost (Paul and Biswas 2018, Chen et al. 2019). The
use of metallic nano-spheres and nano-gratings shows an improvement in wavelength
sensitivity (WS) however that comes with low amplitude sensitivity (AS) and high CL
(Islam et al. 2019b, Paul and Biswas 2018, Chen et al. 2019). Recently, we show that
the use of plasmonic metal strips at the surface of the fibre shows potential for sens-
ing applications (Islam et al. 2019d). However, there is scope to develop an improved
theoretical framework for PCF based biosensors that may eventually lead to ease of
fabrication and practical implementations in both the medical and chemical industries.
In this section, we show a simple PCF–LSPR sensor that contains only four air holes
to complete the structure. Plasmons are created using metal strips at the outer surface.
The design goal is to achieve a simple, fabrication feasible sensor with high sensing
performance and low loss.
6.3.2 Geometric structure and numerical modelling of the proposed
PCF-LSPR sensor
The 3D view of the proposed sensor is shown in Fig. 6.12. The modelling and numeri-
cal analysis are carried out using finite element method based software COMSOL 5.4.
Electromagnetic Waves, Frequency Domain (EWFD) solver with extremely fine element size
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Figure 6.12. 3D view of the proposed sensor where light impinges at the center of the
fibre. Here dc is the core diameter; the magenta and yellow strips at the outer surface
indicate TiO2 and Au layers and the molecules indicated in green and red at the
dielectric layer indicate bound and free molecules respectively; where the Au can be
fucntionalized to bind to target molecules, (Islam et al. 2019c).
is used to obtain improved element quality. The average element quality achieved with
extremely fine element type is 0.89 whereas for extra fine, finer and normal element types
the element qualities are 0.85, 0.84 and 0.83 respectively. These provide the simulation
accuracy of the analysis carried out for the proposed sensor. To form the cladding,
four non-touching air holes (d) are used where the core dc is exposed in all directions.
This arrangement makes the electromagnetic (EM) field of the core to travel towards
the plasmonic metal to form necessary plasmons for sensing. Here, instead of using a
large number of air holes we used only four air holes arranged in a way so that they
can reduce the CL and improve the sensing performance. Note that, the CL can be
reduced by making the air holes close to each other however EM fields from the core
need sufficient space to move towards the metal surface.
Note that, instead of using a continuous metallic layer at the glass surface we use metal
gratings, which help localize the plasmons (Islam et al. 2019d). The metal strips are
2.7 µm in width while the gap between strips is 10 µm. At the metal surface we use
dielectrics with different RI. Greater specificity to a particular analyte can be achieved
via metal surface functionalization. When an axial ray propagates down the fibre it
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creates EM fields and at the same time excites the metal surface electrons. The func-
tionalized metal then attracts the targeted molecules/proteins and the resonance peak
shift can then be observed via an optical spectrum. In order to make the computational
region finite an anisotropic perfectly matched layer (PML) boundary condition is used
with similar optical characteristics to the contacting dielectric. Note that, as the PML
is a boundary condition for the purpose of simulation, the thickness of this layer is not
physically relevant. We choose the PML thickness similar to the dielectric layer thick-
ness.
Fabrication of the metal coated exposed core fibre can be carried out in a few steps.
First of all, the four air holes can be created by drilling a fused silica rods using an
ultrasonic mill. The preform can then be stretched using a drawing tower to form
the inner structure of the final preform before drawing the fibre (Schartner et al. 2017,
Kostecki et al. 2012). The thin Au and TiO2 layer can be achieved using chemical vapor
deposition (CVD), high-pressure microfluidic chemical deposition and wheel polish-
ing methods (Zhang et al. 2007).
The conceptual diagram, in Fig. 6.12, shows incident light impinging at the center
of the fibre and exciting electrons at the Au surface, thereby creating plasmons. At
the dielectric surface the magenta molecules represent those in solution whereas the
molecules represented in green are bound to the Au surface.
6.3.3 Performance analysis of the proposed sensor
The dispersion relation of the core mode and SPP mode is shown in Fig. 6.13, where we
see that at the phase matching point resonance occurs, which satisfies the theoretical
conditions for surface plasmon resonance. Inset of Fig. 6.13 also shows the EM field
distribution from where it can be seen that the light is well confined in the core region,
which results in low loss. It can also be seen that strong plasmonic interactions occur
at the metal dielectric interface, which enhances the detection strength of surrounding
environmental changes. Here, note that the proposed sensor creates four distinct chan-
nels to guide EM field towards the gold plasmonic strips. The inset of Fig. 6.13 shows
the strong field confinement at the metal strips. This indicates a strong plasmonic ef-
fect created at the interface between the gold and the dielectric. Note that, a similar
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approach in creating plasmons has been reported (Rifat et al. 2016, Haque et al. 2019,





Figure 6.13. Dispersion relation of the core mode, SPP mode and loss spectra. Dispersion
relation of the core mode, SPP mode and loss spectra of core mode for dielectric RI of
1.33, where insets shows EM field confinement at core and SPP region, (Islam et al.
2019c).
At the initial stage of parameter optimization we consider cladding air hole diameter
d = 3.30 µm that relates to core diameter (dc) and the distance between cladding air
holes (t), TiO2 thickness tt = 5 nm, dielectric layer thickness of 2 µm and vary the Au
thickness to 20, 30 and 40 nm for a dielectric RI of 1.33 and 1.34. We observe that a
change in tg changes the CL, WS, AS and the resonance peak shift.
In Fig. 6.14(a–b), it is determined that as the Au thickness increases the resonance peak
shifts towards longer wavelengths. The wavelength sensitivities obtained for na = 1.33
having tg at 20, 30 and 40 nm are 1, 000, 2, 000 and 2, 000 nm/RIU respectively however
the amplitude sensitivities are 172, 210 and 175 RIU−1, also shown in Tab. 6.3. For an
Au thickness of 40 nm we find that the loss peak broadens, thus increasing the FWHM
whilst reducing the FOM. This leads to false detection of analytes (Islam et al. 2018i).
Therefore, considering the WS, AS and loss peak broadening we select 30 nm as opti-
mum Au thickness.
Using TiO2 thickness of 0, 5 and 10 nm we find that the CL, AS and WS is improved
for tt = 0 nm as shown in Fig. 6.14(c–d), Tab. 6.3. However, as mentioned previously
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Figure 6.14. Optimization of geometric parameters. Optimization of Au thickness tg (a–b);
TiO2 thickness tt (c–d), considering the dielectric RI of 1.33 (solid line) and 1.34




Figure 6.15. Loss and sensitivity regarding outer dielectric. (a-b) Confinement loss and am-
plitude sensitivity by varying the dielectric layer thickness and, and (c-d) confinement
loss and amplitude sensitivity by varying the cladding air hole diameter d considering
dielectric RI na = 1.33 and 1.34, (Islam et al. 2019c).
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without TiO2 the plasmonic metal Au may flake off from the glass fibre and therefore
it is important to consider a thin layer of TiO2. For tt = 10 nm we find that the CL is
higher and broader. This is because of the high RI of TiO2 with increased thickness.
Therefore considering the loss and peak broadening we select a thin TiO2 layer of 5 nm
between the Au and glass.
The dielectric layer thickness is also varied to 1.0, 1.5 and 2.0 µm to determine any
change in sensing performance; Fig. 6.15(a–b), Tab. 6.3. We find that there is no change
in loss and sensing performance therefore the dielectric thickness has no impact on the
overall sensing performance. The targeted dielectric optical properties are the same for
any dielectric thickness and therefore change of dielectric thickness does not impact
on overall sensing performance. However, for purposes of the simulation we assume
2.0 µm as the dielectric thickness.
(b)
Figure 6.16. Loss and sensing performance of the optimized fibre sensor. CL (a); and AS
(b) of the proposed sensor with optimized geometric parameters for a dielectric RI of
1.32–1.41, (Islam et al. 2019c).
The cladding air hole diameter d has significant impact on CL and overall sensing per-
formance as illustrated in Fig. 6.15(c–d), Tab. 6.3. An increase in d reduces the core
diameter and distance between two air holes, defined as t in Fig. 6.12. As t reduces
the EM field in the core is confined strongly and cannot reach the plasmonic metal and
therefore this reduces the CL. However, it is important to have sufficient space so that
the EM field from the core mode can interact with the plasmonic metal to produce an
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Figure 6.17. Resonance wavelength and sensor length with the variation of RI. The analysis
is carried out for RI variation, (Islam et al. 2019c).
evanescent wave. Considering these competing issues, we selected d as 2.90, 3.10, and
3.30 µm where WS are 1, 000, 2, 000 and 2, 000 nm/RIU respectively. We neglect to con-
sider 2.90 µm as optimum as it increases the CL with low sensitivity. For d = 3.30 µm
the air holes become too closer and act as an obstacle for the core mode to interact with
the metal. Therefore considering the light interaction with metal, CL and sensing per-
formance we choose d = 3.10 µm as optimum.
Using optimized geometric parameters the CL and AS of the proposed sensor is shown
in Fig. 6.16(a–b) that illustrates extremely low CL and high sensitivity. The physical
reason of attaining such performance is the choice of plasmonic material and the ar-
rangement of cladding air holes for trapping light inside the core. We see that the
CL increases with the increase of dielectric RI. This is because the EM fields from the
core interact more strongly with the plasmonic metal. The detection range of the sen-
sor is determined within the RI range of 1.32–1.41. Based on the fibre geometry, the
background material and plasmonic effects, a sharper loss peak is obtained upto a RI
of 1.405 and starts broadening from 1.41. The resonance wavelengths for dielectric
RI 1.32–1.41 are 560, 570, 590, 610, 620, 650, 680, 730, 820, 890 and 1, 060 nm respec-
tively with a maximum wavelength and amplitude sensitivity of 34, 000 nm/RIU and
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1, 170 RIU−1 respectively.
References Loss (dB/cm) Air holes WS, nm/RIU AS, RIU−1 FOM Resolution, RIU
(Zhang et al. 2017) - standard 3, 038 - – -
(Coelho et al. 2015) - standard 5, 100 - – 1.56× 10−3
(Wu et al. 2017) 35 82 21, 700 - – -
(Islam et al. 2018i) 300 20 62, 000 1, 415 958 1.61× 10−6
(Islam et al. 2019d) 15 14 1,11,000 2,050 - 9× 10−7
(Liu et al. 2018c) 110 8 15,180 498 – 5.68× 10−6
(Liu et al. 2018b) 17 34 14,660 1,222 255 6.82× 10−6
(Rifat et al. 2018) 475 100+ 11,000 1,420 407 9.1× 10−6
(Paul and Biswas
2018)
1 17 18,000 – – 5.56× 10−6
Proposed 0.79 4 34, 000 1, 170 310 2.94× 10−6
Table 6.3. Comparison of the proposed exposed core sensor with prior SPR sensors. The
comparison is carried out by considering the peak loss, number of air holes used, wave-
length sensitivity, amplitude sensitivity, FOM, and resolution.
The resonance wavelength and sensor length as a function of RI is shown in Fig. 6.17.
This indicates that resonance wavelength varies linearly with RI therefore the sensor
shows a highly linear (R2 = 0.9336 using linear fitting) sensing characteristics. Besides,
due to negligible CL the sensor also attains a high sensor length of 0.4–2.9 m for RI
range of 1.32 to 1.41. Note that, the sensor length is inverse of its CL and defined by





where αloss represents the CL. We see that as the RI increases the sensor length de-
creases, this is because of the increasing trend of CL with RI.
Sensor resolution is also an important factor that determines the fraction change of RI





where, ∆na represents a change in dielectric RI, ∆λmin defines the minimum wave-
length resolution, and ∆λpeak determines the difference in resonance peak shift. For a
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Figure 6.18. FOM and FWHM with RI variation. The analysis is carried out for RI variation
(Islam et al. 2019c).
best case estimate considering, ∆λmin = 0.1 nm (Islam et al. 2018i, Islam et al. 2019d,
Liu et al. 2018c, Liu et al. 2018b, Rifat et al. 2018, Paul and Biswas 2018), with that the sen-
sor achieves a high sensing resolution of 2.94× 10−6. Therefore, the proposed sensor
can in principle detect a tiny change in RI of the order of 10−6 (Hautakorpi et al. 2008).
The figure of merit (FOM) is an important metric that determines the overall perfor-





where, Sλ (nm/RIU) is the WS and FWHM is the full width at half maximum. In order
to achieve high FOM the FWHM should be low and sensitivity should be high. Ac-
cordingly we obtain a maximum FOM of 310 for the dielectric RI of 1.405.
The obtained characteristics of the proposed sensor is compared with recently reported
plasmonic sensors that is shown Tab. 6.3. Considering the design simplicity, low loss
and overall sensing performance it is evident that the proposed holey fibre sensor
has improved performance over the others reported previously (Zhang et al. 2017,
Coelho et al. 2015, Wu et al. 2017, Dash and Jha 2014, Islam et al. 2018i, Liu et al. 2018c,
Liu et al. 2018b, Rifat et al. 2018, Paul and Biswas 2018, Chu et al. 2018) that also satisfies
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our design goal to develop a practical LSPR biosensor.
In this section, a simple exposed-core four-hole based PCF-LSPR sensor is discussed
for RI sensing. Numerical studies show that the sensor can achieve a maximum WS
of 34, 000 nm/RIU, AS of 1, 170 RIU−1, FOM of 310, estimated maximum resolution
of 2.94× 10−6, and a low maximum CL of 0.79 dB/cm. More importantly, the sensor
achieves improved sensing performance at the expense of only four circular shaped air
holes that reduces the fabrication complexity in a large scale as compared to previous
reports. Due to the simplicity of the sensor we believe that it will be feasible for fabri-
cation and owing to the high sensing performance it will potentially serve as a sensing
device for high RI biochemicals.
6.4 Fabrication and coating
After playing with several fibre designs we decide to fabricate a three hole exposed
fibre instead of four hole as discussed in (Islam et al. 2019c). Moreover instead of us-
ing the plasmonic nano-particles we used continuous metallic sheet. The fabricated
and coated fibre is shown in Fig. 6.19, where the fabrication is followed by the similar
procedure as followed in Kostecki et al. (2012), Warren-Smith et al. (2009).
Figure 6.19. Fabrication and coating of the exposed core fibre. (a) SEM of the three-hole
exposed core fibre, (b) SEM of the exposed side of the fibre after 5 nm titanium and
30 nm gold coating, (c) SEM of the cut portion of the exposed that was carried out
to accurately measure the coating thickness.
The gold coating is followed by fibre splicing by a single mode fibre. The reason is
the usable fibre length. With plasmonic metal coating the loss of the fibre increase
significantly, these reduce the usable fibre length, where the usable fibre length for
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sensing is inversely proportional to the loss of the fibre. After splicing with a single
mode fibre the usable fibre length increase and that is used for further coating with
TiO2 and Au. Both the TiO2 and Au was coated on the fibre surface following the
sputtering technique.
6.5 Conclusion
In this chapter, surface plasmon and localized surface plasmon resonance sensors are
studied. Various simplified sensor designs and their analyses are shown. Simulation
results indicate that the fibres can achieve remarkably high amplitude and wavelength
sensitivity with low loss and high figure of merit. One of the optimized fibres is fabri-
cated and coated for future biochemical sensing experiments.
The following chapter shows a tunable graphene plasmonic metasurface for multi-
band super-absorption and terahertz sensing. The tunability of the metasurface is
achieved by changing graphene chemical potential. The sensing performance for dif-






WE study a plasmon induced tunable metasurface for multiband superabsorp-tion and terahertz sensing. It consists of a graphene sheet that facilitates per-
fect absorption where the graphene pattern at the top layer creates an enhanced evanes-
cent wave that facilitates the metasurface to work as a sensor. The modelling and nu-
merical analysis are carried out using Finite Element Method (FEM) based software,
CST microwave studio where a genetic algorithm (GA) is used to optimize the geo-
metric parameters, and metasurface tunability is achieved via an external gate voltage
on the graphene. By exploiting graphene’s tunable properties we demonstrate a multi-
band super-absorption spectra having a maximum absorption of 99.7% in a frequency
range of 0.1–2.0 THz that also maintain unique optical performance over a wide in-
cidence angle. Further results show how the super-absorber can be used as a sensor,




7.1 Tunable graphene metasurface
7.1 Tunable graphene metasurface
7.1.1 Introduction
Plasmonic superabsorption (also known as perfect absorption) and wave trapping by
means of plasmonic metasurfaces have attracted considerable attention due to promis-
ing new techniques for light manipulation, with potential applications in the field
of energy harvesting, filtering, thermal imaging, electromagnetically induced trans-
parency, and high performance sensing (Grant et al. 2016, Yang et al. 2017, Kim et al.
2016, Liao et al. 2016, Keshavarz and Vafapour 2019). A promising pathway to take
advantage of the above applications is to employ metasurfaces, offering a wide degree
of freedom for tailoring the material’s electromagnetic (EM) properties. Manipulation
of an incident wave in a metasurface is followed by transmission or reflection propa-
gation modes. For the transmission mode, several challenges, including transmission
efficiency, obstruct its large scale deployment. The theoretical upper limit of the trans-
mission efficiency of an ultra thin metasurface is about 25% (Monticone et al. 2013).
Transmission efficiency can be increased by making the metasurface thin (Qin et al.
2016). Compared to the transmission type metasurface, the metasurface designed to
operate in reflection mode, can achieve an efficiency of close to 100%. This is because
a metasurface can be made highly reflective, while also modulating the reflected wave
by suitably tailoring the phase (Yu et al. 2011).
The excitation of plasmons within sub-wavelength structures on the metasurface leads
to localization of electric and magnetic fields (Zheng et al. 2019, Wang et al. 2017b,
Beruete and Jáuregui-López 2020), creating strong light-matter interaction suitable for
sensing (Keshavarz and Vafapour 2019, Beruete and Jáuregui-López 2020, Zeng et al.
2015). Plasmons at the surface facilitate strong interaction with the surrounding en-
vironment (Zeng et al. 2015), enabling the application of the superabsorber for sens-
ing of dielectrics that have spectral signatures at terahertz frequencies (Luo et al. 2019,
Zeng et al. 2015).
While there have been a number of previous studies that have demonstrated absorp-
tion with terahertz metamaterials (Liu et al. 2016, Astorino et al. 2018, Wu et al. 2018,
Liu et al. 2018a, Nguyen and Lim 2017, Yang et al. 2018a), these suffer low light-matter
interaction with a low figure of merit. Moreover, proposed metamaterial devices not
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only exhibit extensive losses but also present numerous challenges to nano-fabrication,
requiring a large number of layers. Previously, it has been shown that significant field
trapping and enhancement can be obtained by exploiting the multilayer structure of
metamaterials or metasurfaces forming a Fabry-Pérot (F-P) cavity where absorption
enhancement occurs due to increased light-matter interaction with multiple reflections
inside the cavity (Chen 2012). Therefore, multilayered metamaterials have been pro-
posed however those were able to achieve single (He 2015) and triple (Chen et al. 2018c)
absorption band in the terahertz frequency range. Beside terahertz metamaterials
and metasurfaces, various fiber optic (Islam et al. 2019b, Islam et al. 2019d) and pla-
nar (Abdelsalam et al. 2019, Gao et al. 2019, Yang et al. 2018b) plasmonic sensors are
also studied and investigated in the visible to infrared region, however, those sensors
are suitable to detect bio-analytes that have a spectral fingerprint in the frequency of
interests. In comparison with terahertz sensors (Liu et al. 2016, Astorino et al. 2018,
Wu et al. 2018, Liu et al. 2018a, Nguyen and Lim 2017, Yang et al. 2018a, Debus and
Bolivar 2007), the microwave biosensor requires large area whereas the plasmonic sen-
sors in the visible to infrared range (Abdelsalam et al. 2019, Gao et al. 2019, Yang et al.
2018b, Kabashin et al. 2009) requires complicated fabrication process (Chen et al. 2012).
Moreover, many complex molecules have collective vibrational and rotational finger-
prints in terahertz region, resulting in unique characteristic spectra (Chen et al. 2018c,
Zheng et al. 2012). Suitable terahertz sensors are of importance for capturing the tera-
hertz fingerprint of materials and complex molecules.
The metasurface perfect absorber based on the excitation of surface plasmon polaritons
(SPPs) has the common problem of a single-band, which greatly limits its application
especially for infra-red detection, imaging, and sensing devices. The multi-band ab-
sorbers have greater tuneability than the single band absorbers. All multiband perfect
absorbers are based on the combination of fundamental plasmon resonances of dif-
ferent sized periodic metallic/dielectric resonators. The strong interaction between
the different resonators greatly limits the number of perfect absorption bands. Exci-
tation of higher-order plasmon resonances is a promising way to design multi-band
absorbers with over four absorbance bands.
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Recently, graphene-based devices with multiple resonance excitations have been pro-
posed that can be applied to enhance the light-matter interaction, increasing the possi-
bility for multiband sensing. Multiple channels and multiplexing operations are highly
required in systems including optical communication, absorbers, spectroscopy and
sensors, and filters (Yao et al. 2017). Recent studies show that multiband absorbers
are essential for frequency selective detection that reduces environmental disturbance
and enhances detection accuracy. Moreover, for the applications in terahertz thermal
imaging, multiple-band absorbers, especially those that have more than four resonance
peaks are in critical need of development (Chen 2012, Wang et al. 2017a).
Figure 7.1. Schematic of the electrically tunable graphene metasurface. (a) The proposed
metasurface showing the incident and reflected terahertz beam, (b) the unit cell showing
dimensions of different geometrical parameters including the electrical connection among
the layers, the chronology of materials from the bottom layer is gold-silicon-graphene
sheet-Zeonex-graphene pattern (Islam et al. 2020d).
Therefore, considering the efficiency of metasurface operational modes and application
of multiple band absorbers, we study on a multilayer graphene metasurface that is able
to trap the light strongly and enhance the surface plasmon effect. A gold mirror is used
to reflect the incident terahertz waves, with tunable absorption in reflection mode and
negligible transmission. We use high-resistive silicon between the gold and graphene
sheet that also support the device. A dielectric Zeonex layer is used between graphene
sheet and graphene pattern because of its suitable blend of properties in the terahertz
band. Graphene sheet is used to increase the absorption whereas graphene pattern
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creates strong plasmons for enhanced sensing. To accelerate the design procedure we
applied a genetic algorithm (GA) interface to CST to obtain the final design parameters.
7.1.2 Design, simulation and fabrication methodology
The unit cell of the proposed graphene metasurface is illustrated in Fig. 7.1(a) where
Frequency domain solver with Floquet-port boundary conditions are used to achieve the
properties of the metasurface. The Floquet-port, where the unit cells are defined in the x
and y directions and open space in z-direction, is used exclusively with planar-periodic
structures. In the z-axis, perfectly matched layer (PML) is used to guarantee no scatter-
ing, leading to the accuracy of the results. Common examples are phased arrays and
frequency selective surfaces which can be idealized as infinitely large. The analysis of
the infinite structure is then accomplished by analyzing a unit cell. Linked boundaries
most often form the sidewalls of a unit cell, but in addition, a boundary condition is
required to account for the infinite space above. The Floquet-port is designed for this
purpose. Boundaries that are adjacent to a Floquet-port must be linked boundaries.
We select the tetrahedral mesh type having adaptive mesh refinement, the mesh subdi-
vides the structure into a large number of tetrahedrons, which is required to achieve the
desired simulation accuracy. To ensure zero transmission, the gold dispersive medium
with a thickness larger than the penetration depth of terahertz is used (Biabanifard
and Abrishamian 2018). The graphene sheet is used to enhance the absorption and the
graphene pattern enhances plasmonic fields, which are beneficial for sensing applica-
tions.
The relative permittivity of gold is described by the Drude model (Zhu et al. 2012),




where, ε∞, ωp, and γ are the permittivity at infinite frequency, plasma frequency and
collision frequency representing loss. These values for gold are 1.0, 1.38× 1016 rad·s−1
and 1.23 × 1013 s−1 respectively, and for silicon are 11.68, 4.94 × 1013 rad·s−1, and
1.117 × 1013 s−1 respectively (Zhu et al. 2012). Another Drude-type semiconductor,
silicon, is a dissipative element that supports the metasurface. Silicon can be regarded
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as a highly lossy material in the terahertz regime and can be easily processed using
standard lithography technologies. The relative permittivity of silicon can be obtained
following Eqn. 7.1, where ε∞ = 11.7. From the Hall effect analysis, the carrier concen-
tration and electron mobility of the silicon wafer are measured to be 8.8× 1016 cm−3
and 814.3 cm2V−1s−1 respectively. They correspond to ωp = 4.94× 1013 rad·s−1 and
γ = 1.117× 1013 s−1 which are used in the design (Pu et al. 2012, Cheng et al. 2015).
In order to achieve optimal results in the terahertz band, we also select cyclo-olefin
polymer (COP), Zeonex as another dielectric. The relative permittivity of Zeonex is
2.34 (Yang et al. 2018a, Tuniz and Kuhlmey 2015, Islam et al. 2019e). Zeonex is chosen
due to its unique optical properties such as low absorption loss, high glass transition
temperature, negligible material dispersion, insensitivity to humidity, can be readily
injection molded, or extruded into film and sheet (Shim et al. 2019, Islam et al. 2019e,
Cunningham et al. 2011). It has very low absorption loss in the terahertz region that
makes it suitable for terahertz applications. Moreover, Zeonex is resistive to most acids
and solvents. Therefore, it is a suitable candidate for the substrate of an absorber in the
terahertz region (Shim et al. 2019, Islam et al. 2019e).
Note that, graphene is considered as one of the key materials for the proposed de-
vice, upon which the absorption and other applications related to perfect absorption
is totally dependent. The graphene is a single layer of sp2 carbon atoms arranged in a
honeycomb lattice and has recently triggered research activities worldwide due to its
remarkable optical, mechanical, and chemical properties (Novoselov et al. 2004, Bonac-
corso et al. 2010). The graphene permittivity εG,t can be expressed as (Zhu et al. 2013,
Liu and Jian 2014, Yang et al. 2014a, Cheng et al. 2019, Hanson 2008, Cao et al. 2017),




here ω is the angular frequency, dg is the graphene thickness, and ε0 is the permittivity
in vacuum.
The surface conductivity (σ) of graphene including both intraband (σintra) and inter-
band (σinter) transitions are governed by the Kubo formula (Zhu et al. 2013, Liu and
Jian 2014, Yang et al. 2014a, Cheng et al. 2019, Hanson 2008),
σ(ω, τ, µc, T) = σintra + σinter (7.3)
Page 156
Chapter 7 Electrically tunable graphene metasurface
















2µc + (ω− j2τ)h̄
2µc − (ω− j2τ)h̄
)
(7.5)
where e is the electron charge, µc is the graphene chemical potential, τ is the scatter-
ing rate that is considered 0.1 ps and where the reason for choosing this value is de-
scribed in Appendix C, T is the temperature in Kelvin that is considered 300 K for this
proposed device, kB is the Boltzmann’s constant, and h̄ = h2π is the reduced Planck’s
constant. In order to use graphene in the simulation, the permittivity is calculated
using Eqn. 7.2 and imported using the user defined dispersion list of CST. The same
importing process is repeated in case of any graphene parameter changes. Note that, to
support the electrical gating process, the graphene patterns are electrically connected
via thin 0.1 µm graphene-stripes (Fardoost et al. 2016).
In order to manufacture the proposed device, the following steps can be followed.
Firstly, high-resistivity 98.28 µm thick silicon with gold coating on one side and graphene
sheet on the other, can be deposited by chemical vapor deposition (CVD). The CVD
grown graphene can also be transferred to the silicon substrate (Kang et al. 2012). The
thin 5.79 µm Zeonex layer can then be deposited by spin coating and cured at vacuum
oven. The top graphene pattern can then be achieved using a standard lithography
process (Astorino et al. 2018).
7.1.3 Parameter optimization-genetic algorithm
The optimization of the proposed device parameters including the thickness of sili-
con and Zeonex, as well as the dimensions of the top graphene patterns, are carried
out using the iterative genetic algorithm (GA) method with built-in optimization tools
available in CST Microwave studio. Using GA, it is possible to find the optimized de-
sign parameters to achieve a certain goal. It generates points into parameter space and
then refines them through multiple generations, with random parameter mutation.
The set goal for our optimization was to achieve maximum reflection (S11) within the
frequency range 0.1–2.0 THz. In the GA, the population size was set to 4× 8, maximum
30 iterations, a mutation rate of 60% with an anchor value of 10%. The optimized val-
ues obtained using GA are ds = 98.28 µm, dz = 5.79 µm, w = 67.58 µm, gw = 7.44 µm,
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Figure 7.2. Equivalent circuit model of the metasurface. (a) Equivalent circuit model for the
graphene based tunable superabsorber; (b) simplified model, (Islam et al. 2020d).
gg = 17.06 µm, gl = 21 µm, h1 = 5 µm, h2 = 15.62 µm, all the parameters are defined
in Fig. 7.1(b). We also place a dielectric layer in contact with the patterned graphene,
with a thickness defined as dd.
7.1.4 Transmission line theory and equivalent circuit modelling of
the proposed device
When the incident wave is perpendicular to the surface, the absorption A is obtained
from the S-parameters by the formula
A = 1− | S21(ω) |2 − | S11(ω) |2 (7.6)
where S11 and S21 are considered as reflection and transmission coefficients respec-
tively. Note that the silicon has a high refractive index, with gold thickness larger than
the terahertz skin depth, there is negligible transmission through the structure with the
transmission coefficient is equal to zero, | S21(ω) |= 0. Therefore, the simplified form
to calculate the absorption for the proposed device is
A = 1− | S11(ω) |2 . (7.7)
We apply transmission line theory with the equivalent circuit model (ECM) for the pro-
posed superabsorber, as shown in Fig. 7.2(a). In the ECM, the bottom gold layer can be
considered as a short transmission line, with the impedance of silicon, Zeonex and air
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defined by Zd1, Zd2 and Z0. The impedance of metallic gold is denoted by ZAu which
is a short circuit in the simplified model of the ECM, as illustrated in Fig. 7.2(b). The
graphene sheet and graphene pattern is modeled by an RLC circuit network denoted
by Zg1 and Zg2 in the ECM. The resistance R and the inductance L are a property of
graphene, whereas the capacitance C is created by the gap between the graphene pat-
tern and the graphene gate. In the ECM, the transmission channel corresponding to
free space is denoted as Z0, with the input surface impedance of the ECM shown as
follows,






Z2 + jZdz · tan(βddz)









is the impedance of silicon; Zdz =
Z0
εdz
is the impedance of the
Zeonex and βd is the propagation constant of the propagating terahertz waves in the
dielectric substances. Based on the effective medium theory the imaginary part of
impedance must be equal to zero at the resonant point (Smith et al. 2005). Therefore
the corresponding reflection efficiency τ can be expressed as




Note that, the dielectric permittivities of silicon, Zeonex and air are defined as εds , εdz
and ε0 where ds and dz represent the silicon and Zeonex thickness.
7.1.5 Results and discussion
At normal incidence angle, the characteristics of reflection (R), transmission (T), and
absorption (A) of the proposed metasurface is illustrated in Fig. 7.3 which shows a
negligible transmission, highly efficient reflection and five bands of perfect absorption
peaking at 99.7%, within a frequency range of 0.1–2.0 THz. The optimum parameters
obtained using genetic algorithm (GA) are used, together with a graphene at a chem-
ical potential of µc = 0.2 eV. A graphene thickness of 1 nm, equivalent to a tri-layer,
was selected such that the appropriate mesh size resulted in a reasonably short simu-
lation time (Liu and Aydin 2016). Note that the metasurface is polarization insensitive
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Figure 7.3. Performance of the metasurface in terms of reflection, transmission, and ab-
sorbtion. The reflection (R), transmission (T), and absorption (A) characteristics of
the proposed metasurface at optimized design parameters having µc = 0.2 eV and at a
normal incidence angle, (Islam et al. 2020d).
Figure 7.4. Electric field pattern of the metasurface. (i) E-field, (ii) electrical energy density,
and (iii) power flow density.
as it shows similar optical characteristics at both transverse electric (TE) and transverse
magnetic (TM) mode. Therefore for further simulation and characterization, we con-
sider the TE polarization mode.
In later subsections of this chapter, we discuss the physics of multiband absorption,
the effect of graphene chemical potential, the effect of changing the incidence angle
and performance of the metasurface at fabrication tolerances.
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Figure 7.5. H-field pattern of the proposed metasurface (i) H-field, (ii) magnetic energy density,
and (iii) power flow of the proposed device at optimized design parameters at resonance
frequencies of 0.2197, 0.665, 1.11, 1.55 and 1.99 THz, (Islam et al. 2020d).
7.1.6 Mechanism of plasmon enhancement and multiband superab-
sorption
To explore the science behind multiband superabsorption, we show different mode
fields including E-field, H-field, electric energy density, magnetic energy density, power
flow and power flow density in Fig. 7.4 and Fig. 7.5. It is found that different edges of
graphene pattern excites at different frequencies, causing multiband resonance peaks.
The excitation of the first plasmonic mode occurs when the frequency of the incom-
ing photons matches with the first localized mode of the graphene pattern. Thus some
photons are absorbed, and the others are reflected or transmitted through the graphene
pattern. Transmitted photons are reflected back by the second graphene layer or even-
tually from the Au reflector, and some of them come out of the structure with a phase
difference of 2βsd = π, where d is the total distance travelled by the wave. This pro-
cess is repeated multiple times, and these partial reflections destructively interfere with
each other, leading to zero overall reflection. On the other hand, the transmission chan-
nel is closed by the Au reflector; thus, the incoming wave is completely trapped, and
is finally absorbed in the structure.
The number of absorption bands of the proposed metasurface is dependent on the
top graphene pattern and geometrical dimensions of Zeonex and silicon. These phe-
nomena can be verified from Fig. 7.6 where a performance study with and without
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Figure 7.6. Effect of graphene on the metasurface performance. Effect of graphene sheet in
between silicon and Zeonex on the overall performance of the metasurface (Islam et al.
2020d).
Figure 7.7. Effect of graphene on resonance frequency. Dependence of resonance peaks on the
overall dimension of the metasurface, the green line indicates the performance of the
metasurface at an optimized dimension while the red line indicates the performance at
20% increased from its optimum dimension (Islam et al. 2020d).
graphene sheet is shown. It can be seen that the resonance frequencies remain the same
without the graphene sheet, therefore the graphene sheet does not have any effect on
the number of absorption bands but have a strong affect in enhancing plasmons at the
top graphene pattern. One way to have multi-band absorption is to design a unit cell
that have Fabry-perot components with multiple resonating elements. The edges are
then place where the plasmons can be excited with enhanced intensity. The intensity of
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Figure 7.8. Frequency tunability of the metasurface. The tunability of the metasurface by chang-
ing the graphene chemical potential at a normal incidence angle (Islam et al. 2020d).
fields at different resonance frequencies is shown in Fig. 7.4 and Fig. 7.5 where it can be
seen that the surface plasmons are excited in different patterns at different frequencies
and thus the metasurface acts as a multiband absorber. Note that, a possible way of
converting the proposed multiband absorber to a broadband absorber would require
to pattern both the graphene layer and tune the other geometrical properties.
The frequencies where high absorption is observed depends on the polymer dimen-
sions. In order to exploit this effect, we increased the overall dimension by 20% while
the top graphene pattern dimensions were kept the same. The obtained result is shown
in Fig. 7.7, where we see that as the dimension of the metasurface increases the reso-
nance frequencies shift towards lower frequencies. Therefore, the operating frequency
is totally dependent on the metasurface dimension, which can be chosen by design.
Note that the separation between absorption peaks is regular, this is due to the struc-
tural symmetry and interference in the vertical cavity.
7.1.7 Dynamically tunable property enabled by graphene
The optical properties of graphene are highly dependent on its Fermi energy, which is
considered as the origin of dynamic tunability of the proposed device. To realize tun-
ability, we add an external bias voltage, as shown in Fig. 7.1, to modulate the chemical
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Figure 7.9. Effect of graphene chemical potential. Absorption at µc = 0.4 eV to illustrate the
effect of chemical potential on the overall performance of the absorber (Islam et al.
2020d).
potential of graphene as described by the following equation (Liu et al. 2017),





where µc is the chemical potential of graphene, h̄ is the Planck’s constant, υf = 106
m/s is the Fermi velocity, ε0 and εr are the relative permittivity of vacuum and dielec-
tric spacer respectively, e is the electron charge, ∨g is the external bias voltage, and dz
is the thickness of dielectric spacer between graphene sheet and graphene pattern.
In order to exploit the dynamic tunability property of the superabsorber, the chemi-
cal potential of graphene is varied from 0.01 to 1 eV. The characteristics is shown in
Fig. 7.8 where it is observed that at µc = 0.01 eV the metasurface does not act as a su-
perabsorber because the absorption peaks do not reach high values (above 60%). How-
ever, as µc increases the amplitude of signal reflection decreases, therefore according
to Eqn. 7.7 the absorption also increases. It is found that for µc = 0.2 eV, five-band
superabsorption can be obtained having a maximum absorption of 99.7% within the
frequency range of 0.1–2 THz. It is important to note we are defining superabsorption
when its value exceeds 90% as indicated by the horizontal dashed line in Fig. 7.3 and
Fig. 7.8. The multiple bands are due to the plasmon excitation of different graphene
patterns at different frequencies. An eight-band superabsorber can be obtained for
a 0.4 eV, shown in Fig. 7.9, causing a resonance shift to higher frequencies. There-
fore, increasing µc increases the absorption bands and shifts the resonance to higher
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frequencies. One can choose a suitable µc considering the desired application and op-
erating frequency range. In our case, we choose 0.2 eV for further characterization of
the proposed device.
7.1.8 Wide angle of incidence
We further characterize the angle dependent response of the proposed plasmonic su-
perabsorber that is illustrated in Fig. 7.10. As clearly shown that the absorber can
achieve similar absorption performance up to around an oblique incidence angle of
70◦ however there is a shifting trends of absorption peaks towards the higher frequen-
cies. For a particular angle, 0◦ for example, it is noticeable that the absorption intensity
decreases with the increase of frequency and therefore we obtain superabsorption upto
around 2.0 THz and then the absorption decreases.
Figure 7.10. Angle dependence of the graphene metasurface. Dependence of incident angle of
the terahertz signal at optimized design conditions. The colourbar at the right side
indicate the intensity of absorption, showing high intensity of absorption of around
2.0 THz with angle of incidence of around 70◦ which means the proposed absorber
shows similar optical characteristics of upto around 70◦ and 2.0 THz (Islam et al.
2020d).
These particular characteristics of the absorber are totally dependent on the geometri-
cal parameters such as thickness of silicon, as well as the optical properties of Zeonex
and graphene. Note that at normal incidence angle the parameters of the proposed su-
perabsorber are optimized to operate in the low terahertz range (upto around 2.0 THz).
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However, these parameters can be tuned as required by application, performance, as
well as the desired frequency range.
7.1.9 Characterization of the proposed device considering fabrication
tolerances
Fabrication tolerances and their effect on device performance were estimated by vary-
ing the dimensions of the metasurface. The results are shown in Fig. 7.11, illustrating
the reflection and absorption performance for a ± 10% variation of dimensions.
Figure 7.11. Performance variation considering fabrication tolerance. Performance variation of
the proposed superabsorber by varying the dimension of the metasurface to ±10%,
under normal incidence angle and fixed graphene chemical potential of 0.2 eV.
We find slight changes in the reflection and absorption curves, but no significant effect
on the device performance.
7.1.10 Application to refractive index sensing
To simulate a sensing application, we applied a dielectric layer over the patterned
graphene, and the characteristics of the sensor with different dielectric thickness, dd, is
illustrated in Fig. 7.12. We see that applying a dielectric in contact with the graphene
pattern changes the reflection and resonance frequency, which is the desirable prop-
erty enabling the application of the proposed device as a sensor. However, the dd
also has impact on the overall sensing performance, as observed in previous literature
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Figure 7.12. Performance of the metasurface as a sensor. Performance of the proposed device
as a sensor at optimum design parameters, µc = 0.2 eV and changing the dielectric
layer thickness, dd adjacent to the graphene pattern, Islam et al. (2020d).
(Chen and Fan 2017). To verify this, we changed dd and observed the performances.
We found that increasing dd increases the resonance shifts which also broadens the
reflection peak. These result illustrates a broadened first full width at half maximum
(FWHM), that in turn reduces the figure of merit (FOM), which is a function of FWHM
(FOM = Sensitivity/FWHM) (Offermans et al. 2011, Muhammad et al. 2019).
Figure 7.13. Performance of the metasurface by changing dielectric properties. Variation
of resonance peak by changing the dielectric refractive indices adjacent to graphene
pattern, by using optimum design parameters, dd = 10 µm, and µc = 0.2 eV.
As the FWHM increases the FOM decreases, indicating overall performance reduction
of the sensor. Comparing dd = 5 and 10 µm, we see that 5 µm shows sharper reso-
nance peaks however 10 µm shows improved sensing performance, albeit with a slight
degradation of resonance quality factor. Further increase of dd shows a larger FWHM.
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0.9711
Figure 7.14. Linearity of the sensor. Frequency shift and sensitivity as a function of refractive
index, The dotted line indicates an approximate linear fit. For the linear fit of the
frequency shift curve we have R2= 0.9711 (Islam et al. 2020d).
Figure 7.15. FWHM of the metasurface. The achieved FWHM as a function of frequency of the
metasurface (Islam et al. 2020d).
Therefore we found optimum sensitivity near dd = 10 µm, and intend to carry out
further characterization of the sensing properties of the device. Thus, considering dd
fixed at 10 µm we changed the refractive indices of the dielectric adjacent to graphene
pattern, Fig. 7.13. We see that as the refractive index changes the resonance peak shifts,
providing useable sensitivity.
The resonance frequency shift and sensing performance having different dielectric re-
fractive index variation is shown in Fig. 7.14 where the FWHM is shown in Fig. 7.15.
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Literature Operating Coupling Number of Sensitivity
Refs. band mode bands
(He et al. 2017) 0.1–2 plasmon two 0.242
THz THz/RIU
(Cong et al. 2015) 0.5–0.9 plasmon one 23.5%
THz RIU−1
(Meng et al. 2012) 1.2–2.0 EIT-like two 77.25
GHz mm/RIU
(Chen et al. 2009) 0.1–100 EIT-like two 1200
THz nm/RIU
(Yahiaoui et al. 2015) 0.15–0.85 plasmon two 54.18
THz GHz/RIU
This thesis 0.1–2.25 localized five 76
THz plasmon GHz/RIU
Table 7.1. Comparison of the proposed multi-band device with prior reported devices. The
comparison is carried out considering the number of bands achieved by the proposed
metasurface and the sensitivity.
These illustration indicate that as the dielectric refractive index increases the sensitiv-
ity also increases, due to the increasing concentration of dielectrics over the graphene
surface. A linear approximation of the frequency shift is estimated using linear fitting
that gives R2 = 0.9711. The obtained value of R2 indicate that the sensor have sufficient
precision.
In terms of sensitivity, the limit of detection (LOD) is defined as the minimum level that
can be detected with 99% fidelity. The LOD can be calculated by, LOD = 3ε/sensitivity,
where ε denotes the output uncertainty or standard deviation. Considering a 1% stan-




The characteristics of FWHM as shown in Fig. 7.15 indicate that as the dielectric refrac-
tive index and frequency increases the FWHM also increases, as the dielectric concen-
tration and frequency increases, the resonance peak broadens.
A comparative analysis of the proposed device over the previously reported devices
is carried out which is shown in Tab. 7.1. The comparison indicates that the proposed
metasurface uses the localized plasmon mode that means the plasmons will be con-
centrated along some of the edges of the graphene pattern, which results in pentaband
terahertz absorption, together with enhanced sensitivity.
7.2 Conclusion
We numerically demonstrate that a graphene based tunable metasurface can be used
for multiband absorption and sensing. The field distributions in graphene pattern
show the excited plasmons at different resonance frequencies that indicates the ben-
efits of achieving multiband absorption. Varying the graphene chemical potential, the
number of absorption bands can be varied. We show that at a chemical potential of
0.2 eV, the metasurface can achieve five absorption bands, which is promising for sens-
ing applications. The metasurface has a maximum sensitivity of 76 GHz/RIU, with a
linearity of R2 = 0.9711 and a considerable LOD. The metasurface can also illustrate
similar optical performance over a wide acceptance angle of the incident terahertz
beam that is also robust against fabrication tolerances. Owing to the above mentioned
properties, the proposed metasurface is considered promising for multi-spectral appli-
cations of terahertz technology.
In the following chapter we study on the design, fabrication, and experiment on a
ultrahigh-Q all dielectric terahertz metasurface. The design procedure including the




Bound states in the
continuum for guided
terahertz plasmons
IN this chapter we demonstrate the simulation, fabrication, and experiment on alldielectric high-Q terahertz metasurfaces. Firstly, a metasurface having rectangu-
lar patterned germanium (Ge) resonator metasurface is studied including the sensing
property. Secondly, a slightly different structure containing elliptical silicon (Si) res-
onator is optimized and analyzed. The second metasurface is fabricated and exper-
imented using the THz-TDS. The experimental outcome is compared with the simu-
lated outcome. Both of the metasurfaces are optimized using genetic algorithm (GA).
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8.1 High-Q guided terahertz plasmons
Owing to strong light confinement ability, the optical resonators are of great interest
to the scientific community. However, the confinement ability of resonators has only
a limited lifetime because of unavoidable scattering. Their optical performances are
often limited by this out-of-plane scattering caused by fabrication defects. The inter-
ference of light waves that are guided by a physical mechanism known as the Bound
States in the Continuum (BIC), can suppress the scattering that could lead to improved
optical devices. Utilizing the BIC effect, we propose a standard metasurface having
two asymmetrical bricks of germanium (Ge) creating out-of-plane asymmetry. The
device parameters are optimized by Genetic Algorithm (GA) where the goal set to
achieve maximum reflection. The results show that the device can achieve an ultra-
high Q factor of 7245, and high figure of merit (FOM) of 280. To our knowledge, the
achieved Q-factor and FOM are the maximum achieved by any terahertz metasurface
so far. Owing to strong light confinement ability, the metasurface is highly sensitive to
its surrounding environment, therefore can also be used as a refractive index sensor.
8.1.1 Introduction
Light manipulation by plasmonic metasurfaces is of great interest nowadays because
of their unique ability to arbitrarily modulate the amplitude, phase, and polariza-
tion of the electromagnetic waves (Zhang et al. 2016, Genevet et al. 2017, Chen et al.
2018a). The wavefront modulation at a metasurface relies on the geometric shapes,
sizes, the orientation angles of different patterns on the metasurface, and on the mate-
rials (Wei et al. 2020). In comparison with conventional optical components and bulk
metamaterials, the metasurfaces benefit from reduced absorption loss, improved light
matter interaction, relatively easy fabrication, and compact size (Wei et al. 2020, Is-
lam et al. 2020d). The compact size is particularly advantageous for on-chip integration
with other nanophotonic devices. Metasurfaces have a plethora of potential applica-
tions including holography (Huang et al. 2018, Wan et al. 2017, Ahmed et al. 2017b),
data storage (Pégard and Fleischer 2011), electromagnetically induced transparency
(Diao et al. 2019), filtering (Sima et al. 2017), vortex beam generation (Yang et al. 2014b),
metalens (Chen et al. 2018b), transmission (Ma et al. 2018b), nonlinear optics (Li et al.
2017a, Xiao et al. 2018b), and sensing (Islam et al. 2020d, La Spada 2019).
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However, the fabrication imperfections of metasurface devices produces scattering loss
that limits the device efficiency and sensitivity. The physical mechanism, BIC, can sig-
nificantly reduce the scattering loss and confine light inside the continuum by interfer-
ence mechanism (Koshelev and Kivshar 2019). The interference of waves is a physical
mechanism that occurs when two waves coincide with one another and produce a
combined wave. Two types of interference mechanisms can occur, constructive and
destructive. When the crests of two waves coincide with one another, their combined
amplitude will be the sum of individual amplitudes of each wave. This phenomena
is known as constructive interference. However, if the crest of one wave meets with
the trough of another wave, the combined amplitude will be the difference of each
wave amplitude. This mechanism is known as destructive interference (Koshelev and
Kivshar 2019, Hsu et al. 2016).
Through optical resonance of light waves, these interference phenomena provide a
means of achieving strong light confinement and light-matter interaction, to increase
the signal amplitude. The BIC is formed by the destructive interference of several light
waves that have similar wave-vectors, where the wave-vector describes the wave ve-
locity and direction of propagation (Rybin and Kivshar 2017). Note that BIC has the
property that it can remain localized even though it coexists with a radiating wave that
can carry the energy away (Koshelev and Kivshar 2019, Hsu et al. 2016). Originally, the
term BIC appeared in quantum mechanics, however it has subsequently been realized
in numerous fields, including and later explained by the destruction of light inter-
ference. In BIC, the coupling constants of all radiating waves vanish via continuous
parameter tuning. If the coupling constant vanishes due to asymmetry then the BIC
is known as symmetry protected. In general, the BIC increases the light confinement
and creates a very sharp resonance, greatly increasing the Q-factor of the metasurface
device.
Recently, metasurfaces made from high index resonant dielectrics have emerged as an
essential building block because of their low intrinsic losses and unique light control
capability. The use of high index dielectrics increase the light localization on the surface
that is extremely sensitive to external environments (Hsu et al. 2016, Kuznetsov et al.
2016). To achieve high Q-factor in the optical regime, several different approaches
have been reported in the literature by different research groups (Campione et al. 2016,
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Figure 8.1. Schematic of the all dielectric metasurface reflector. Structure of the proposed
high-Q terahertz metasurface enabled by BIC, and the unit cell with various geometric
dimensions.
Leitis et al. 2019, Sui et al. 2018, Koshelev et al. 2018, Algorri et al. 2019), however achiev-
ing high Q-factors in terahertz regime remains an active and difficult research problem.
Jansen et al. (2011) reported an experimental study of asymmetric split ring resonators
achieving a Q-factor of 30 within a 0.2–0.4 THz range. An ultra-sensitive refractive
index metasurface sensor was proposed by Singh et al. (2014), showing that the Fano
resonance of the metasurface can also attain high Q-factors. Using Fano resonance on
a metallic metasurface, Srivastava et al. (2016) obtained an improvement in Q-factor.
These studies demonstrate that at terahertz frequencies, the Q-factor of a metasurface
is extremely sensitive to metallic conductive properties and geometries. Investigat-
ing the BIC mechanism, Han et al. (2019) theoretically and experimentally demon-
strated that the proposed all dielectric metasurface can achieve a Q-factor of around
250 within a terahertz frequency of 0.3–0.6 THz. The terahertz devices discussed above
(Jansen et al. 2011, Singh et al. 2014, Srivastava et al. 2016, Han et al. 2019) all show
promising characteristics, yet there remains scope to propose new metasurface devices
that can achieve high Q-factors.
In this chapter, we study an all-dielectric metasurface to obtain a high Q-factor in the
terahertz frequency range. We utilize the BIC mechanism to reduce scattering and
confine signal to the high index silicon surface, using a genetic search algorithm to
find a maximum Q. Our simulation results show that the metasurface can achieve a
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high Q-factor of around 7245 along with a high FOM of 280 in reflection, which was
found to provide better efficiency than transmission (Islam et al. 2020d). The reported
metasurface exhibits strong plasmons on the Ge interface, which results in a high sen-
sitivity to the external environment. Our results show that the metasurface can achieve
a maximum refractive index (RI) sensitivity of 56 GHz/RIU in the terahertz frequency
range.
8.1.2 Design, simulation, optimization, and fabrication methodology
The design and simulation of the proposed metasurface is carried out via CST studio
suite. A frequency-domain solver, and tetrahedral mesh type is considered in simulation.
In a Floquet port boundary condition the unit cell is defined in the x–y direction and
the open add space in the z-direction. Details of boundary conditions and mesh type
is extensively discussed in our previous publication (Islam et al. 2020d). To make the
metasurface work as a reflector, metallic gold were considered as a PEC type material.
The properties of gold can be derived from the below formula,




where, ε∞ is the permittivity at infinite frequency, ωp is defined as plasma frequency,
and γ represents the collision frequency. These values for ε∞, ωp, and γ are 1.0,
1.38× 1016 rad·s−1 and 1.23× 1013 s−1 respectively (Zhu et al. 2012).
The gold base holds a substrate composed of a pure Zeonex polymer with a high tera-
hertz transparency, low loss tangent, negligible water absorption, and low absorption
coefficient which makes it well suited for terahertz applications. The material proper-
ties of Zeonex were obtained by experimental measurement as previously published
(Islam et al. 2020b, Islam et al. 2019e). Germanium (Ge) was selected because of its high
dielectric permittivity compared to Zeonex. The dielectric constant of Ge was taken to
be 16.08 from (Randall and Rawcliffe 1967). The proposed metasurface design illus-
trating both the array and an enlarged inset showing the unit cell is shown in Fig. 8.1,
where the direction of terahertz propagation and geometric design parameters are also
indicated.
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The optimization of various parameters of the metasurface is carried out using the
built in optimization tool of CST studio-genetic algorithm. The desired goal was set to
maximise the scattering coefficient S11, so that maximum absorption can be obtained
in the desired frequency. The optimized values of the parameters defined at Fig. 8.1 are
d = 67.0 µm, w = 143.46 µm, d1 = 10 µm, d2 = 8 µm, g = wg = 36.05 µm, and l = 108 µm
respectively. We also place a dielectric layer adjacent to Zeonex and top germanium
layer that is not shown in Fig. 8.1 but defined as dd throughout the thesis.
8.1.3 Step by step fabrication procedure
The step by step procedure for fabricating the desired metasurface is outlined through
Fig. 8.2.
Figure 8.2. Step by step fabrication procedure of the high Q metasurface. Considering silicon
wafer as a base material, and Inkjet printing for achieving Ge thickness.
Firstly, a 3-inch silicon oriented wafer is to be cleaned with acetone and isopropanol
alcohol. Thereafter, it will be dried with high purity compressed nitrogen. Next, the
wafer will be coated with the metallic ground plane. This ground plane would com-
prise of gold, which will be deposited at room temperature by electron beam evapo-
ration. Zeonex will then be spin-coated on the metallic ground plane. The thickness
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for Zeonex can be calibrated with a stylus profilometer (Dektak XT - Bruker) to be the
desired thickness. The wafer will then be patterned on the metal-backed Zeonex layer
using the standard photo-lithography technique (Ako et al. 2019). Depositing thick
germanium is a challenging step—for this, we can possibly adopt ink-jet printing to
achieve the desired thickness of germanium (McLeod and Tabor 2020). This printing
process can possibly ensure the high accuracy of the deposited layers. An alternate
method could be spray coating of germanium, however, there will be a possibility of
minor thickness variation in this approach. Moreover, low temperature vapour phase
epitaxy of Ge followed by photolithography may also create the pattern.
8.1.4 Equivalent circuit modelling and mathematical expressions
The absorption (A) for a perpendicular incidence wave to the surface can be calculated
by
A = 1− | S21(ω) |2 − | S11(ω) |2 (8.2)
where S21 and S11 are the transmission and reflection coefficients respectively. Note
that, the background material Zeonex has high terahertz transparency, however due
to the gold metallic plane the transmission is zero, therefore the absorption is only
dependent on the reflection of the signal. Thus, the simplified form of absorption can
be written as
A = 1− | S11(ω) |2 . (8.3)
According to the equivalent circuit model as shown in Fig. 8.3, the transmission is zero,
and the reflection can be found by transmission line theory. From Fig. 8.3 we get









is the Zeonex impedance; and βd is the propagation constant of
the propagating terahertz waves.
Based on the effective medium theory the imaginary part of impedance must be equal
to zero at the resonant point (Smith et al. 2005). Therefore the corresponding reflection
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Figure 8.3. Equivalent circuit modelling of the high-q metasurface. Showing the R, L, and C
for generated from the resonator.
efficiency τ can be expressed as




Note that, the dielectric permitivities of Zeonex and air are defined as εdz, and ε0 where
dz represent the Zeonex thickness.
From the reflection coefficient, the Q-factor can be found from the full width at half





Note that the FWHM is the width of a line shape at half of its maximum amplitude.
Therefore according to Eqn. 8.7, the Q-factor will be higher when there will be a sharp
resonance peak as such the FWHM will be lower and vice versa.





where δ f is the differences in frequencies between the consecutive resonance points
and δRI is the refractive index difference.
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Besides the sensitivity, the figure of merit (FOM) of a plasmonic device is also impor-
tant as it indicates the detection limit of the device. The FOM is strongly limited by
the sensitivity and the resonance linewidth FWHM (Homola et al. 1999), that can be





The FOM of a device can be increased by increasing the sensitivity and/or decreasing
the FWHM.
The limit of detection (LOD) is an important parameter of a sensor that can be defined
as the minimum input quantity that can be distinguished with more than 99% fidelity,





where ε is defined as the output uncertainty. Accordingly, the high sensitivity enhances
the LOD.
8.2 Results and discussion
Tuning and optimizing the geometrical parameters by genetic algorithm, the resultant
reflection, transmission, and absorption of the proposed device is shown in Fig. 8.4. It
is found that a sharp reflection peak is obtained at a frequency 1.4491 THz, define as
the resonance frequency ( fc) where maximum reflection occurs. The choice of substrate
material, high index dielectric, pattern and geometry of the dielectrics, and optimiza-
tion of their dimensions, is responsible for the sharp resonance and the resultant high
Q-factor.
Measurement shows that an extremely narrow full width at half maxima (FWHM) of
0.0002 at a resonance frequency ( fc) = 1.4491 THz, results a high Q-factor of 7245. To
our knowledge this is highest Q-factor obtained in the terahertz frequency so far. Note
that the transmission is negligible because of the gold reflector, likewise the absorption
is nearly unity because of the strong reflection.
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Figure 8.4. Performance in consideration to reflection, transmission, and absorption of the
all dielectric metasurface. Reflection (R), Transmission (T), and Absorption (A) spec-
tra of the proposed device having the optimized parameter dimensions and without top
dielectric layer.
Figure 8.5. Mode field patterns of the high-q metasurface. Mode field patterns of the proposed
metasurface, (a) E-field, (b) H-field, (c) Power flow, (d) E-energy density, and (e) H-
energy density.
8.2.1 Mechanism behind plasmon enhancement and sharp resonance
The proposed metasurface shown in Fig. 8.1 consists of a high index dielectric (Ge)
pattern on one side, a polymer substrate in between, and a metal ground plane on the
other side. To explore the science behind the strong surface plasmons we show differ-
ent mode fields including E-field, H-field, Power flow, E-energy density, and H-energy
density, shown in Fig. 8.5 (a-e). We see that the mode fields are strongly confined in
the Ge bars, the one reason is the high refractive index of Ge and the other reason is
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the optimized asymmetry of the Ge bars. The excitation of the plasmonic mode hap-
pens when the photons from the incident electromagnetic wave interact with the Ge
bars of almost sub-wavelength dimensions. At resonance frequency of the Ge bars, the
incoming electromagnetic energy is strongly coupled and dissipated in the high index
Ge and the polymer substrate due to the dielectric loss. This results in the absorp-
tion of energy at the resonance frequency. For the cases of multiband absorbers, some
of the photons usually reflect from the substrate or eventually from the metal reflector,
creating the second plasmons. Leading by destructive interference of the reflected pho-
tons, the process repeats multiple times until zero reflection occurs (Islam et al. 2020d).
Due to the metallic back-plane, the transmitted energy through the sample is zero.
At frequencies other than the resonant frequency the incident electromagnetic wave is
reflected and no energy is absorbed.
Figure 8.6. Performance by varying the Ge resonator. At other optimum design conditions,
the performance of the metasurface by varying the (a) Ge length, (b) Ge thickness d2
variation by keeping d1 fixed.
8.2.2 Performance considering the germanium length and thickness
variation
We explore the sensitivity of the genetic algorithm (GA) optimised parameters by
showing performance degradation due to variations in the Ge length and thickness.
The performance of the device by varying the Ge length and keeping all other param-
eters optimum is shown in Fig. 8.6(a). It shows similar performance at l = 100, 108, 112,
and 120 µm, however the best performance is achieved at l = 108 µm, as optimized by
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genetic algorithm.
Similarly, we carried out performance analysis by varying d2 and keeping all other pa-
rameters optimum, Fig. 8.6(b). We find that for the symmetry case, d1 = d2 = 10 µm,
with d2 = 0 µm, and other asymmetry cases except d2 = 8 µm the device shows re-
duced performances. It is important to note that the performance of the device not
only depends on the Ge but also to every geometric dimension of each material. The
results shown in Fig. 8.6(a) and Fig. 8.6(b) are only for Ge variation, and do not include
the proportionate variation of every dimensions. Therefore for a particular variation
of parameters the results changes significantly. For example at l = 40 µm we can see
that the resonance frequency shifts forward with a reduction of reflection coefficient,
while a slight variation does not affect the performance significantly. In case of fabrica-
tion, there might be slight variation from the optimized dimensions. A further analysis
having proportional variation of material dimensions is discussed later that will give a
clear insight of how the device will work with a proportional variation of the material’s
geometry.
8.2.3 Performance considering the fabrication imperfections
Device robustness is an important factor that must be considered with any purported
new design. This indicates how the proposed device will perform in case of fabrication
imperfections when the dimensions vary by a factor of say, ±2% as shown in Fig. 8.7.
It was found that the device’s Q-factor for such a variation remains almost the same,
while the resonant frequency shifts significantly. For a +2% variation, the resonance
frequency shifts forward to around 1.48 THz, while −2% variation results the reso-
nance frequency shifts backward to 1.42 THz. At optimum parameters the resulting
Q-factor is 7245, while for −2% and +2% parametric variation, the Q-factors are 7250
and 7190 respectively. These results indicate that the device can be easily tuned to
operate in the desired frequency range.
8.2.4 Angle dependence of the metasurface
The angle dependencies of the metasurface over frequency is characterized and illus-
trated in Fig. 8.8. It shows that the metasurface works up to an oblique incidence angle
of around 50◦, however as the angle increases the performance of the metasurface starts
Page 182
Chapter 8 Bound states in the continuum for guided terahertz plasmons
Figure 8.7. Performance variation by considering the fabrication tolerance. Reflection, and
Absorption of the device for ±2% parametric variation, indicating the performance and
resonance frequency shifts.
to decrease gradually. Note that this performance variation over angle is dependent on
the metasurface structure, the materials used, the patterning and the dimensions of the
materials. Also note that the metasurface is optimized at the normal incidence angle,
and therefore this design works best at a normal angle of incidence.
8.2.5 Application in sensing
The proposed high-Q metasurface offers high sensitivity in sensing applications. In
order to produce a sensor from this device, we first place a dielectric layer at the top
surface, and observe the performance variation as the dielectric thickness is varied. The
results are shown in Fig. 8.9. Initially we consider the refractive index of water (1.33)
as a reference and changed the dielectric thickness, Fig. 8.9(a), we see that increas-
ing the dielectric thickness shifts the resonance frequency further, which also reduces
the absorption at the same time. For example, if we consider 25 µm as the dielectric
thickness then we can see that the shift of resonance frequency from 0 µm to 25 µm
is larger, however the reflection at 25 µm is lower than for other thickness. Therefore
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Figure 8.8. Angle dependencies of the all dielectric metasurface. Angle dependence of the
proposed metasurface showing a sharp reflection up to around 50◦ of incidence terahertz
beam. We show logarithmic scaling of the color bar as it helps better presentation of
the plotting since a linear scaling obscures the true sharpness of the resonance peak.
considering both the frequency shift and absorption we investigate the 20 µm dielec-
tric thickness for further analysis. We further change the dielectric refractive index and
find that the resonance frequency shifts as the refractive index changes. The high field
confinement at the Ge bar enables the device to detect the surrounding environmental
changes.
An analysis of the frequency shift over refractive index is also carried out, with results
shown in Fig. 8.10. This illustrates how the sensor can attain an average refractive
index sensitivity of 55 GHz/RIU, with a high linearity of 0.9997, a negligible root mean
square error (RMSE), and importantly with an excellent quality factor. The Q-factor
variation over refractive index is also analyzed and shown in Fig. 8.10(b). We find that
the highest Q-factor is achieved while the analyte dielectric constant is low and the Q-
factor start to decrease with the increase refractive index. While the analyte refractive
index is low, majority of the field confinement occurs at the high index germanium
bar that creates sharp resonance. The sharp resonances are the key for achieving low
FWHM and in turn the high Q-factor. When the analyte refractive index increase, less
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Figure 8.9. Performance as a sensor of the all dielectric metasurface. (a) Absorption spectrum
by dielectric thickness variation by keeping the dielectric refractive index of water. (b)
Absorption spectrum by dielectric refractive index variation variation by keeping the
dielectric by keeping the dielectric thickness 20 µm.
field confines at the high index bar while the mode fields also start to split into the
imposed dielectrics. These broaden the resonance peak as shown in Fig. 8.9 and thus
the FWHM increases. These in turn decrease the Q-factor.
The FOM is an important property that is directly related to sensitivity and the FWHM,
as indicated in Eqn. 8.9. Owing to sharp resonance of the proposed metasurface, the
FWHM is extremely narrow and therefore high FOM is obtained. Results indicate
that the device can achieve a maximum FOM of 280. Apart from FOM, the LOD of
the device is also analyzed. Considering 1% output uncertainty the proposed device
shows a maximum LOD of 5.35× 10−4.
The proposed device properties at optimum design conditions is tabulated and shown
in Tab. 8.1. Changing the refractive index of topmost dielectric layer, the resonance
frequency, FWHM, Q-factor, sensitivity, FOM, and LOD are analyzed. It shows that
the performance at refractive index of 1.0 is higher than other RI values, this is because
the resonance peak is sharpened without any analyte.
The overall performance of the device is also compared with other related works found
in the literature. The comparison in Tab. 8.2 indicate that the proposed metasurface
shows improved performances in consideration to Q-factor and FOM in the terahertz
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Figure 8.10. Linearity and Q-factor. (a) Frequency shift over refractive index, a linear fitting is
also shown. (b) Achieved Q-factor over refractive index variation.
Refractive fc FWHM Q−factor Sensitivity FOM LOD
Index (RI) (THz) (THz) (GHz/RIU) (RIU−1) (RIU/GHz).
1.0 1.4491 0.0002 7245 56 280 5.35× 10−4
1.1 1.4435 0.0005 2887 51 102 5.88× 10−4
1.2 1.4384 0.0006 2397 53 88 5.66× 10−4
1.3 1.4331 0.0007 2047 53 88 5.66× 10−4
1.4 1.4278 0.0007 2039 52 74 5.76× 10−4
1.5 1.4226 0.0007 2032 52 74 5.76× 10−4
1.6 1.4174 0.0007 2024 52 74 5.76× 10−4
1.7 1.4122 0.0007 2017 52 74 5.76× 10−4
1.8 1.407 0.0007 2010 52 74 5.76× 10−4
1.9 1.4018 0.0007 2002 52 74 5.76× 10−4
2.0 1.3967 0.0007 1995 51 72 5.88× 10−4
Table 8.1. Properties of the proposed high-Q device at optimum design parameters obtained
by genetic algorithm. This indicating that the FWHM is narrow and therefore the Q-
factor is reasonably high.
frequency range. To the best of our knowledge the achieved Q-factor and FOM are the
maximum in the terahertz frequency range.
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References Operating Q-factor Sensitivity FOM LOD
frequency (RIU−1) (RIU/GHz)
(Cong et al. 2015) terahertz 11.6 23.7% RIU−1 2.30 −
(Meng et al. 2012) terahertz 180 77.25 mm/RIU 8.14 −
(Chen et al. 2009) terahertz 13.6 1200 nm/RIU 2.86 −
(Jansen et al. 2011) terahertz 31 − − −
(Xie et al. 2018) terahertz 58 − − −
(Al-Naib et al. 2009) gigahertz 300 − − −
(Srivastava et al. 2016) terahertz 328 − 169 −
(Tian et al. 2020) near-infrared 640 − − −
(Chen and Fan 2020) terahertz 212.19 − − −
This thesis terahertz 7245 56 GHz/RIU 280 5.35× 10−4
Table 8.2. Performance analysis of the proposed high Q metasurface with prior reported
metasurfaces. The Q-factor and the FOM are the key performance parameters of the
proposed germanium metasurface.
In summary, we have demonstrated a BIC enabled metasurface that shows highest (to
our knowledge) Q-factor and FOM in the terahertz frequency range. The metasurface
is governed by the out-of-plane asymmetry of the Ge pattern that is created by different
Ge thickness. To prove the sensitivity to external environments we place a dielectric
on the top surface. Changing the refractive indices of the top dielectric we found a
maximum refractive index sensitivity of 56 GHz/RIU, interestingly the sensitivities
comes with a highly linearity of 0.999. Beside obtaining high Q-factor, narrow FWHM,
high FOM, and high linearity we also found an estimate of sensor LOD which is in the
order of 10−4.
8.3 Fabrication of the all-dielectric metasurface
We fabricate a slightly different metasurface structure, where the top rectangular pat-
tern is replaced by elliptical pattern. Therefore, by using ellipse as a resonator we opti-
mized the structure using genetic algorithm. We also replace the resonator material as
silicon, instead of using germanium. The new optimized dimension of the metasurface
is shown in Fig. 8.11.
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Figure 8.11. Schematic of the structure contains elliptical resonator. (a) Schematic of the
metasurface structure, (b) showing the materials used and their dimensions.
To realize the metasurface absorber, an unconventional fabrication procedure is car-
Figure 8.12. Step-by-step fabrication method of the all dielectric silicon metasurface.
ried out. Typically, the fabrication processes involves a standard photo-lithography
patterning and plasma etching process to establish the resonators on polymers. Firstly,
gold was deposited as the ground plane on a silicon wafer. Cyclic Olefin Copolymer
(COC) and SU-8 films of desired thicknesses are spun on gold. This process was imme-
diately followed by bonding of high resistive silicon wafer to the 500 nm thick SU-8.
This silicon was patterned through mask less lithography and developed using a suit-
able developer. Thereafter, the silicon was dry etched using Bosch recipe. This deep
Page 188
Chapter 8 Bound states in the continuum for guided terahertz plasmons
Figure 8.13. SEM images of the fabricated samples. (a) SEM image of the unit cell, (b) SEM
image of the sample showing the thickness of the silicon resonator, (c) SEM image of
the fabricated sample showing the thickness of COC and SU-8.
silicon etch recipe uses a two-step plasma process which alternates between deposition
(C4F8) and etching (SF6). Fig. 8.12 is a schematic highlighting the fabrication sequence-
After following the procedure indicated at Fig. 8.12 we did our first trial of fabrication.
Figure 8.14. Experimental setup for reflection measurement, indicating the positioning of trans-
mitter, beam splitter, sample, and receiver.
We got the dimensions of background COC, and SU-8 as optimized but a significant
variation of our top resonator. In the second trial we optimized the background dielec-
tric thickness a little, and processing for the fabrication is going on.
Page 189
8.4 Experiment on the metasurface
Figure 8.15. Experimental outcome of the fabricated metasurface. (a) Indicating the mea-
sured power of the referenced and sampled signal, (b) showing the measured reflection
spectra where a clear resonance peak is observed, (c) the absorption spectra showing
almost unit absorption.
The SEM images of the fabricated samples is shown in Fig. 8.13. From where the unit
cell, and dimension of parameters can be seen. As compared to the optimized struc-
ture, shown in Fig. 8.11, we can see a clear difference of material thickness’s on the
fabricated samples showing in Fig. 8.13. With the obtained thickness’s in fabrication
we carry out the simulation further and found a Q-factor of around 800 that is signifi-
cantly lower than the optimized dimensions where we got a Q-factor of around 4000.
8.4 Experiment on the metasurface
An experimental analysis of the sample that we got in the first fabrication trial is carried
out. The schematic of the experimental setup is shown in Fig. 8.14. As the optimized
sample is a reflector and works in oblique incidence angle therefore we need to use
the beam splitter. The beam splitter has a splitting ratio of 50%, meaning half of the
incoming beam from the transmitter transmits towards and sample and reflects back
towards the beam splitter. The reflected signal from the sample is then directs towards
the receiver.
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The experimental outcome of the fabricated metasurface is shown in Fig. 8.15. The re-
flection spectra showing in Fig. 8.15(b) indicating a sharp clear peak around 1.3 THz
that exactly matches with the simulation. The Q-factor we get is around 250 that is less
than expected, the is because of the change of material properties during fabrication.
Moreover, we can see a clear fabrication imperfection where the SU-8 is not uniformly
distributed over the COC surface, this may also affecting the result. However, in gen-
eral there is a good match of the experiment and simulation outcome in regards to
position of the resonance frequency.
8.5 Conclusion
In summary, we have demonstrated the simulation of a BIC enabled high q all dielectric
metasurface, and further fabrication and experiment on a slightly different metasur-
face. We can see both the simulated and experimented metasurface showing remark-
able property at terahertz, which can be suitable for developing advanced terahertz
devices. Owing to the performance shown by the studied metasurfaces, it may pave
the way for realizing ultra-fast meta-devices and affords new possibilities for explor-
ing next-generation optoelectronic devices.
In the following Chapter, we summarizes our discussion and concludes the thesis. We







THIS chapter concludes the work presented in this thesis. Chapter 1, 2 and 3 con-tains the relevant background information, the properties of the materials used,
and a brief review of terahertz optical fibres. This covers the motivation behind the
studies, the frequency of interests, the materials used to design the photonic devices,
and the waveguiding, simulation, fabrication, and experimental methodologies of ter-
ahertz optical fibre. Chapter 4 to 5 describe the original contributions to the design
and realization of terahertz waveguides and gas sensor. Chapter 5 also presents a
table-top fabrication method to fabricate any kind of terahertz optical fibre. Chapter
6 presents the contribution related to fibre based plasmonic sensors in the visible to
mid-IR range. Chapter 7 and 8 presents the contribution related to plasmonic metasur-
face. Specially, Chapter 7 shows a graphene based tunable plasmonic metasurface and
Chapter 8 shows an all dielectric high-Q metasurface in the terahertz regime. Lastly,





The overview of the thesis including the motivation each study, their methodology, the
obtained results, and the future directions are discussed in this chapter.
9.2 Chapter 2: Experimental analysis of glasses and poly-
mers: materials for terahertz
9.2.1 Aim
Use of correct optical and dielectric properties of materials are important for designing
and analysing any photonic devices. Keeping this in mind, the main aim of this work
is to obtain the correct optical, thermal, and chemical properties of selected materials
that are frequently used for terahertz applications.
9.2.2 Methodology
Samples of Topas (5013 L-10) and Zeonex (480R) grades are prepared from raw pellets.
Initially, filaments of those materials are made using a Filabot EX2 filament Extruder
and used for 3D printing of the samples. We put the pellets inside a metal holder
placed into a furnace at 200◦C for 48 hours. The samples are then cooled down and
removed from the holder, and then cut and polished to make both the surfaces flat,
smooth and parallel.
The polishing is graded using progressively finer silicon carbide (SiC) sandpaper, of
grit sizes 120, 240, 320, 400, 800, 1200 and 2500 µm respectively. The samples are then
given a final polish and smoothed using water based diamond suspension of 3 µm
particle size. The sample of UV-resin is made using Stereolithography (SLA) 3D print-
ing technology and polished before the experiment. Note that all other samples are
cut and polished using the same procedure and all the measured samples have similar
thickness of around 3 mm.
Finally, transmission setup of the THz-TDS is used to characterize the samples in a
closed environment purged with nitrogen.
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The chemical stability test is carried out in highly acidic (low pH) H2SO4 (10 M) solu-
tion, saline NaCl (3.5 M) solution, and basic (high pH) NaOH (10 M) solution (here, M
indicates molar concentration). These solutions were agitated by a mechanical shaker
at 200 rpm for 24 hrs to observe any effect of a chemical attack on the materials.
For thermal stability testing, the thermogravimetric (TG) and derivative thermogravi-
metric (DTG) analysis were carried out using non-isothermal thermogravimetric anal-
ysis setup, TA Instruments (Q-500, Tokyo, Japan). The thermal analyzer is temperature
calibrated between experiments using the Curie point of nickel as a reference. The
experiment is performed under a nitrogen environment at a purge rate of 60 ml/min.
9.2.3 Results
At terahertz frequencies, the dielectric and optical properties including the refractive
index, dielectric constant, bandwidth, absorption coefficient, dielectric loss, and trans-
mittance of the samples are measured and signal processed. This is in good agreement
with the literature and from here we confirm the properties properties of materials that
we further use for designing and fabricating fibre and metasurface based samples.
From the chemical stability test, no significant mass change (±1.5%) is found for any
of the tested materials and this demonstrates the extreme chemical stability of these
materials against acidic and saline environments.
From the thermal stability testing we find that Teflon has highest thermal stability
among the experimented samples and starts losing its weight due to evaporation from
around 525◦C and ends up at around 620◦C. While the other three materials HDPE,
Topas, and Zeonex have shown similar thermal characteristics and start losing weight
from 440◦C and ending up at around 480 to 500◦C.
9.2.4 Future direction
There are significant directions to research on materials. One future work may be to
make plasmonic polymer materials. This can be carried out by either mixing low loss
polymer solvent with either graphene or metals, gold, silver, and then using that ma-
terial as a plasmonic material. This way the chemical and thermal stability will also
be increased with a sacrifice in loss. This hybrid material can then be used to make a
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sensor that will not required external plasmonic material coating.
The content of Chapter 2 is published in IRMMW-THz-2019, and IEEE Access (Islam et al.
2019e, Islam et al. 2020b).
9.3 Chapter 3: Terahertz optical fibre
9.3.1 Aim
Terahertz optical fibres are essential for developing the full potential of complex tera-
hertz systems. In Chapter 3, we aim to combine the recent development of terahertz
optical fibres with different geometries and guiding mechanisms, the background ma-
terials, the fabrication and measurement techniques, and potential applications.
9.3.2 Methodology
We examine various optical fibre types including tube fibres, solid core fibre, hollow-
core photonic bandgap, antiresonant fibres, porous-core fibres, metamaterial-based fi-
bres, and their guiding mechanisms. The past and present trends of fabrication meth-
ods, including drilling, stacking, extrusion and 3D printing, are elaborated. Fibre
characterization methods including different optics for terahertz time-domain spec-
troscopy (THz-TDS) setups are reviewed and application areas including short-distance
data transmission, imaging, sensing, and spectroscopy are discussed.
9.3.3 Results
The work on terahertz optical fibre discussed throughout Chapter 3 combines, the anal-
ysis of suitable materials that can be used to make a low loss terahertz optical fibre; a
comprehensive review of various geometry including the microstructured photonic
crystal fibre, the hollow-core fibre, the antiresonant fibre and the metamaterial-based
fibres; the guiding mechanism of each type of fibres; an analysis of different method-
ology of fibre fabrication and characterization.
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From the discussion, it can be noted that every fibre has some advantages and dis-
advantages and there is a trade-off between low loss, bandwidth and fabrication fea-
sibility. For example, hollow-core fibre can provide low loss terahertz guidance and
comparatively simple fabrication at the expense of low bandwidth of operation. On
the other hand, porous fibre can provide larger bandwidth but with higher loss and in-
creased fabrication complexity as compared to hollow-core fibres. Metamaterial-based
waveguides are still in their infancy by comparison.
The various fabrication methodologies discussed indicate the possibilities of fabricat-
ing various geometries of terahertz optical fibres. For example, the drilling method is
suitable for fabricating circular hole patterns only, whereas the extrusion and 3D print-
ing techniques can fabricate any type of complex and asymmetric fibre geometries.
The most common method for terahertz fibre characterization is the use of THz-TDS
where different optics setups can be used to focus signal onto the fibre core. Among
the various terahertz applications short-range high throughput transmission, gas, and
chemical sensing and imaging show significant promise.
9.3.4 Future direction
Free-space terahertz wave propagation is still widely used, but terahertz waveguides
and, in particular, optical fibres are gaining increasing attention. Their importance is
related to the concept of developing complex terahertz configurations that potentially
combine sources and detectors with a reliable and simple way of terathertz transmis-
sion. Antiresonant fibres stand out among other hollow-core fibres, due to their robust-
ness to fabrication tolerances, geometrical simplicity, and hence fabrication feasibility.
Combining simplicity and low attenuation with high bandwidth, single-mode guid-
ance, and low dispersion is, for most applications, the main target. Fibres possessing
composite cladding, with metamaterial inclusions, better confine the terahertz signal
(Li et al. 2016a), and fibres that are helically twisted to guide modes with orbital an-
gular momentum are two of the most exciting directions for actual and near future
investigations.
Different manufacturing techniques are being used to produce such fibres, but 3D
printing technology represents a clear advantage in terms of cost, time, easiness, and
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potential for manufacture of speciality fibres (Cruz et al. 2018) already integrated with
other components required for a particular application. The whole fibre cross-section
can be produced simultaneously (Atakaramians et al. 2009a)—this is different from 3D
printing or stacking-and-draw, for example. Simple and complex waveguides can be
obtained by carefully designing the extrusion die, ram speed and furnace temperature
profile. Extrusion of fibre projects with intrinsic low confinement loss due mostly air
guidance, and while using low terahertz loss materials, is an interesting route to be
wider explored.
Due to their large overall dimensions, with external diameters as big as 10 mm in some
situations (Yang et al. 2016, Lai et al. 2009), some terahertz fibres are not mechanically
flexible and this reduces the practical interest in applications requiring long waveg-
uide lengths. Investigating ways of producing flexible fibres via selection of the re-
quired mechanical properties the fibre material and the fibre geometry, such as fibres
with high air filling fraction and thin external jackets, as well as studying waveguide
curvature loss will help develop this field further. Combining special coatings such as
graphene (Mittendorff et al. 2017) could extend the functionalities of terahertz fibres
and will likely be a hot topic in this vibrant research area.
Terahertz waves have been demonstrated as promising technology to non intrusive
analysis in biological, medical, chemical, and industrial applications. However, com-
pact, portable, cost effective and robust devices need to be developed. In this scenario,
the terahertz optical fibres, usually fabricated in short lengths, represent a challenge
and a great opportunity to make such devices a reality.
The content of Chapter 3 is published in Optics Express (Islam et al. 2020a).
9.4 Chapter 4: Terahertz waveguides: modelling and
analysis
9.4.1 Aim
After a brief review of terahertz optical fibre, the aim of Chapter 4 is to design, sim-
ulate, and analyse various terahertz optical fibre to get an optimal fibre for terahertz
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guidance and sensing. The goal is not only to achieve low loss but also high birefrin-
gence, and low and flat dispersion. For creating birefringence it is important to have
asymmetry among the polarization modes, therefore we use either elliptical, rectangu-
lar, or circular air holes structured in a way so that it can create birefringence. There is
a trade-off between the loss and the birefringence when one increases another decrease
or vice versa.
9.4.2 Methodology
The design and simulation of all the contributed waveguides are carried out using
the full vector Finite Element Method (FEM) method based on commercially avail-
able software COMSOL multiphysics. The Electromagnetic Waves, emw solver with a
Physics-controlled mesh sequence having an Extremely fine mesh element size is used
to get high accuracy output from the simulation software. A perfectly matched layer
(PML) boundary condition is considered at the outer surface to make the computa-
tional region finite. In all of the waveguide design we choose either Topas (COC) or
Zeonex (COP) because of their remarkable properties at terahertz.
9.4.3 Results
To achieve the goal, we design and investigate both symmetric and asymmetric tera-
hertz waveguide in consideration to loss, birefringence, dispersion, and sensing. We
achieve low loss by both symmetrical and asymmetrical fibre structure (Islam et al.
2016a, Islam et al. 2017a, Islam et al. 2018g, Islam et al. 2018d, Islam et al. 2018h, Is-
lam et al. 2017c, Islam et al. 2017d, Islam et al. 2017b), however to achieve high bire-
fringence, required for polarization preserving applications, we need to design asym-
metrical fibre structure (Islam et al. 2018c, Sultana et al. 2019b, Islam et al. 2018f). The
high sensitivity is achieved in hollow core asymmetrical fibre where birefringence is
also required (Islam et al. 2017a, Islam et al. 2018j, Ahmed et al. 2019, Islam et al. 2019a).
9.4.4 Future direction
Fibre design with low loss, high birefringence, near zero dispersion, and high sensitiv-
ity all are achieved by various designs and presented in this chapter. But there is scope
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for work on designing simpler terahertz waveguides that can be realized by straight-
forward fabrication and can be further experimented on for transmission and sensing.
The content of Chapter 4 is published is published in IEEE Sensors Journal, IET Commu-
nications,Optics Communications, Applied Optics, Optical Materials, Optical fibre Technol-
ogy, Electronics Letters, Optik, Photonic Network Communications, and Sensing and Biosens-
ing Research (Islam et al. 2017a, Islam et al. 2018j, Islam et al. 2018f, Islam et al. 2018d, Is-
lam et al. 2018h, Islam et al. 2019a, Ahmed et al. 2019, Sultana et al. 2019b, Islam et al.
2018c, Islam et al. 2018g, Islam et al. 2017c, Islam et al. 2017d, Islam et al. 2017b, Is-
lam et al. 2016a).
9.5 Chapter 5: Tabletop fabrication for terahertz spe-
cialty optical fibre sensor
9.5.1 Aim
The aim of this chapter is to develop a novel antiresonant hollow core terahertz optical
fibre that exhibits low loss, near-zero dispersion, wide operating bandwidth, and is
suitable as an ultra-sensitive gas sensor. The another aim is to fabricate the fibre by
exploiting an efficient low-cost single-step extrusion method.
9.5.2 Methodology
Similar to Chapter 4, the design and simulation of the hollow core fibre is carried
out using the full vector Finite Element Method (FEM) method based software COM-
SOL multiphysics. Analytical analysis is also carried out to validate the simulation
result. An efficient, simple, and cost-effective method of fabricating asymmetric com-
plex polymer fibres are used to fabricate the fibre. The experimental analysis of the
fibre is also carried out using the TAS7400TS Advantest terahertz system.
9.5.3 Results
The experimental analyses demonstrate that fibres with total attenuation and cou-
pling loss—-of a few dB in the studied frequency range, reach values as low as 2 dB
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at 3.4 THz. Also, fibres with a near-zero dispersion of less than 0.6 ps/THz/cm are
achieved. The results reported herein reveal the potential of such a remarkably sim-
ple fabrication technique for obtaining microstructured terahertz hollow-core optical
fibres. The results also demonstrate the gas sensing ability of terahertz optical fibre.
9.5.4 Future direction
As a possible next step of this research would be to fabricate the fibre using a hybrid
material. Here, by hybrid we mean the combination of two or more material, Zeonex
and graphene for example. This material is then be able to create plasmons and that
will be suitable for biological sensing. This will reduce the hardle of coating a polymer
fibre by another plasmonic material.
The another direction can be to coat the fibre cladding with graphene and this may
reduce the loss by reducing the scattering loss and make the fibre more suitable for gas
sensing.
The content of Chapter 5 is submitted for publication at Advanced Photonics Research
(Islam et al. 2021).
9.6 Chapter 6: Surface plasmon resonance biosensor
9.6.1 Aim
The aim of Chapter 6 is to design and analyse optical fibre-based plasmonic sensors
that operate in the visible to mid-infrared regime instead of the terahertz regime. The
aim is also to fabricate one of the optimized fibres for further use for sensing experi-
ments.
9.6.2 Methodology
The simulation of the plasmonic sensors are carried out using COMSOL multiphysics
simulation software. A simplified form of one of the optimized sensors is fabricated
by extrusion technique, the fabricated fibre is then spliced using a single mode fibre
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because the usable length of the designed fibre is short. The fibre surface is then gold-
coated using sputtering technique to be used for further experimental analysis.
9.6.3 Results
The simulation results indicate that the fibres presented in Chapter 6 showing signif-
icant performance improvement in consideration to loss, sensitivity, and design sim-
plicity over the previously reported plasmonic sensors. In our analysis, a maximum
wavelength sensitivity of 111000 nm/RIU, amplitude sensitivity of 2050 RIU−1, resolu-
tion of 9× 10−7 RIU, and limit of detection (LOD) of 8.12× 10−12 RIU2/nm is achieved.
Importantly this is achieved in a fibre having only three air holes with a significant low
loss of 0.79 dB/cm. To our knowledge, this is a remarkable achievement in plasmonic
sensing.
9.6.4 Future direction
The fabricated and coated fibre can be used to further analysis of biological sensing.
Surface fictionalization can be carried out to detect specific proteins/molecules includ-
ing viruses such as COVID-19. On the gold coated surfaces nanoparticles of graphene
can also be deposited as it may enhance the sensing performance.
The content of chapter 6 is published in IRMMW-THz-2018, Optics Express, IEEE Ac-
cess, Optics Letters, Journal of Optical Society of America B, and in IEEE Sensors Journal
(Islam et al. 2018e, Islam et al. 2018i, Islam et al. 2019b, Islam et al. 2019d, Islam et al.
2019c, Mollah and Islam 2020).
9.7 Chapter 7: Electrically tuneable graphene metasur-
face
9.7.1 Aim
Plasmonic superabsorption (also known as perfect absorption) and wave trapping by
means of plasmonic metasurfaces have attracted considerable attention due to promis-
ing new techniques for light manipulation, with potential applications in the field
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of energy harvesting, filtering, thermal imaging, electromagnetically induced trans-
parency, and high performance sensing (Grant et al. 2016, Yang et al. 2017, Kim et al.
2016, Liao et al. 2016, Keshavarz and Vafapour 2019). The aim of Chapter 7 is to study
on a multilayer graphene metasurface that is able to trap the light strongly and en-
hance the surface plasmon effect. A further aim is to make the metasurface suitable for
biochemical sensing.
9.7.2 Methodology
The design and simulation of the graphene metasurface is carried out using Finite
Element Method (FEM) based software, CST microwave studio where a genetic algo-
rithm (GA) is used to optimize the geometric parameters, and metasurface tunability
is achieved via an external gate voltage on the graphene.
9.7.3 Results
From the simulation result of the optimized metasurface we find strong field confine-
ment in graphene pattern. Varying the graphene chemical potential, the number of
absorption bands can be varied. We show that at a chemical potential of 0.2 eV, the
metasurface can achieve five absorption bands, which is promising for sensing appli-
cations. The metasurface has a maximum sensitivity of 76 GHz/RIU, with a linearity
of R2 = 0.9711 and a considerable LOD. The metasurface can also illustrate similar
optical performance over a wide acceptance angle of the incident terahertz beam that
is also robust against fabrication tolerances.
9.7.4 Future direction
More work can be carried out using continuous graphene sheets or graphene nanop-
erticles in the top surface to demonstrate sensor performance. The further work can be
the realization of the graphene metasurface for biosensing applications.
The content of chapter 7 is published in IRMMW-THz-2019, and Carbon (Islam et al.
2019f, Islam et al. 2020d).
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9.8 Chapter 8: Bound states in the continuum for guided
terahertz plasmons
9.8.1 Aim
The aim of this work is to design and analyse a high-Q metasurface at terahertz. The
further aim is to realize the metasurface to plasmonic sensing application.
9.8.2 Methodology
Similar to the previous Chapter, the design and simulation of the high-Q metasurface
is carried out using Finite Element Method (FEM) based software, CST microwave stu-
dio where a genetic algorithm (GA) is used to optimize the geometric parameters.
To realize the metasurface absorber, an unconventional fabrication procedure is carried
out. Typically, the fabrication processes involve a standard photolithography pattern-
ing and plasma etching process to establish the resonators on polymers. Note that
THz-TDS having reflection spectroscopy is used to experiment on the fabricated meta-
surface.
9.8.3 Results
In simulation we find that the optimized metasurface can achieve a high-Q factor of
around 4000 which is highest at terahertz to our knowledge. We find strong field con-
finement at the top silicon resonator which is highly sensitive to the external environ-
ment. Changing the top dielectric refractive indices we found a maximum refractive
index sensitivity of 56 GHz/RIU, interestingly the sensitivities come with a highly lin-
earity of 0.999. Beside obtaining high Q factor, narrow FWHM, high FOM, and high
linearity we also found an estimate of sensor LOD which is in the order of 10−4.
9.8.4 Future direction
Further experiment on the metasurface can be carried out to examine the sensing per-
formance. A liquid flow channel with an inlet and outlet adjacent to the top surface of
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the metasurface can be made. This will allow the top surface to be filled with biochem-
ical analytes.
The content of this chapter is published in IRMMW-THz-2020 (Islam et al. 2020c), and






This research has implemented extensive experimental studies on materials, fibres, and
metasurfaces in Chapter 2, Chapter 5, and Chapter 8. The setups are outlined in this
appendix.
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A.1 Terahertz setup for material characterization
The terahertz setup for material characterization as discussed in Chapter 2 is shown
in the following figure, Fig. A.1. This uses a dual-channel ultrashort pulse laser (Ad-
vantest TAS7400TS) with a pulse width of ≤ 50 fs (using 1.5 m fibre), employing a
simple configuration for fiber-coupled, free space terahertz generation and detection.
The phase modulation measurement method relies on the difference in phase (arrival
time) due to changes in wave path. The reference and sample phases are then re-
quired to obtain the optical properties of the sample. The terahertz receiver Advantest
model TAS1230 is fabricated with a photo-conductive antenna coupled to a hyper-






























Figure A.1. Schematic of experimental set-up of the enclosed THz-TDS system with a
purge box filled with nitrogen. Two parabolic mirrors creating a parallel beam where
a sample holder is used to hold the sample, the reference signal (Pref and θref) is obtained
by removing the samples whereas the sampled signal (Psam and θsam) is obtained when
a sample is in place as shown in the photograph, (b) the actual set-up, Islam et al.
(2020b).
The Advantest model TAS1130 transmitter with a lithium niobate crystal waveguide
has a bandwidth of 0.5 to 7 THz (Advantest 2021). Two off-axis gold-coated parabolic
mirrors (Edmund optics) with an effective focal length of 150 mm are used to cre-
ate a parallel collimated beam for spectroscopy. To ensure the beam passing through
the sample, we insert an iris of diameter less than the sample diameter. The reason
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for this standard setup is to obtain more averaged data from the measurements. In
consideration to sample dimension, different types of sample holders were utilized to
constrain the measurement to the sample and ensure consistent results. The system
was enclosed with a custom made purge box to ensure negligible water vapors in the
experiment system.
Figure A.2. The experimental setup for fibres transmission measurement. The setup encom-
passes a femtosecond (fs) laser, a terahertz emitter, a detector, a parabolic mirror, an
iris, and the sample itself. The whole system is enclosed in a purge box containing dry
air. The inset shows typical reference and sampled signals, Islam et al. (2021).
A.2 Experiment setup for terahertz fibre characterization
The experiment setup for terahertz fibre characterization as discussed in Chapter 5 is
shown in the following figure, Fig. A.2. In the experiment, a gold-coated parabolic
mirror with a focal length of 100 mm is used to focus the beam towards the waveguide
core, and an iris is used to block undesired signals coupling to the core. The fibre
waveguide is then placed on a translation stage, and a specially designed 3D-printed
fibre holder is used to provide mechanical support. To ensure that the terahertz beam
is coupled to the fibre core only, we wrap the waveguide with aluminum foil, while
keeping the core region unblocked. The system is enclosed in a custom-made purge
box filled with dry air, in order to minimize the presence of water vapor and avoid
water-induced absorption. Additionally, care is taken to ensure minimal humidity
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levels inside the purge box, which was monitored with a hygrometer. Typical reference
and sample signals are presented in the inset in Fig. A.2.
Figure A.3. The experimental setup for fibres humid air sensing. In this setup a vacuum pump
is used for continuous flow of humid air. During the measurements, the flow rate
through the cell is kept significantly low. The cell contains a tissue wetted by milli-Q
water. Two metallic discs are used to hold the fibre straight and block the stray of the
terahertz signal coming from outside of the fibre, Islam et al. (2021).
The fibre sensing is carried out in a slightly different experiment setup, as shown in
Fig. A.3. In addition to the fibre transmission experiment, an additional gas cell, wet
glass jar, and vacuum pump to control the vapour flow is used.
A.3 Experiment setup for terahertz metasurface charac-
terization
The experiment setup for characterizing terahertz metasurface is presented, broadly
discussed in Chapter 8. The schematic of the experimental setup is shown in Fig. A.4.
As the optimized sample is a reflector and works in oblique incidence angle therefore
the beam splitter has been used. The beam splitter has a splitting ratio of 50%, mean-
ing half of the incoming beam from the transmitter transmits towards and sample and
reflects back towards the beam splitter. The reflected signal from the sample is then
directs towards the receiver. The experiment was carried out using a purge box filled
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Figure A.4. The experimental setup for metasurface reflection measurement. In this setup a
beam splitter is used to help measure the reflection. During measurement the system
was enclosed in a purge box containing nitrogen.
with nitrogen, these makes sure there were no water vapour present inside the cham-
ber. The reference signal was taken by placing a flat gold mirror instead of the sample







Maxwell’s equations need to be solved to investigate the electromagnetic properties of
the simulated wave propagation in the fiber. Using pure mathematical approach, it is
difficult to find optimized fiber designs that can predict the characteristics of practical
fiber. Because, the complex physics simulation in fiber model have the information
about the simulation domains, material properties, 2D or 3D geometries, etc. On the
other hand, only a very few simple canonical problems have been solved by Maxwell’s
equations.
Three popular computational electromagnetic methods are used to simulate the wave
propagation and to numerically configure the geometries and boundary conditions for
practical problems: finite-difference method (FDM), finite-volume method (FVM), and
finite-element methods (FEM). Each method has its own advantages and disadvan-
tages depending on the specific problems. Based on these methods, many commercial
software packages are available, such as FDTD solutions, HFSS, COMSOL, IE3D and
FEKO.
B.2 Finite element method
In this thesis we used FEM to simulate the fibre propagation modes and dispersion
characteristics. The study of FEM is possible by electromagnetic simulation software,
this include COMSOL Multiphysics, CST, HFSS, etc. The FEM is a full-wave numeri-
cal technique to obtain the approximate solutions for electromagnetic boundary value
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problems of the mathematical physics. The basic principle is to discretise the whole
computing domain into finite number of triangles or tetrahedral sub-domains (mesh)
so that the arbitrary geometries can be modelled accurately. As a result, the remarkable
advantage of FEM is the flexibility in modelling of complicated geometries and distri-
bution of media and the good handling capabilities of the inhomogeneous medium
(Each element can have different material property). The perfectly matched layers
(PML) need to be used in the FEM to truncate the mesh for the unbounded problems.
The FEM can solve the linear, non-linear and 2D/3D problems. Furthermore, The FEM
is a frequency domain method which makes it efficient in dealing with narrow-band
problems.
B.3 COMSOL multiphysics
COMSOL Multiphysics software is a simulation platform that design devices and pro-
cess the calculations according to the modelling workflow—from defining geometries,
material properties and the physics that describe the specific phenomena for produc-
ing the accurate and trustworthy results based on the FEM method. The advantages
of COMSOL Multiphysics is custom made simulation tools that contain all the bene-
fits of a model built with the Model builder, without the extraneous information. The
COMSOL Multiphysics software can run and test from the COMSOL Desktop, us-
ing Windows, macOS, and Linux operating system. In addition, COMSOL interfaces
with a lot of useful third-party software, such as MATLAB and computer aided design
(CAD) programmes. The step by step design procedure of a terahertz optical fibre is
presented below.
B.3.1 Step A: Model wizard.mph
Launch COMSOL Multiphysics and select the Model Wizard. The Model Wizard is a
good starting point, as it allows us to set up some initial project configurations. We
can set the dimensionality for our model, choose the physics interface we would like
to use and add the studies to define how the model should be analysed. Inside Model
Wizard there is an option for Select Space Dimension for 3D, 2D axisymmetric, 2D, 1D
Axisymmetric, 1D and 0D.
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Model description
To simulate the fibre model as accurately as possible, we have to build a 3D model and
run COMSOL simulation on the 3D fibre structure. However, due to large memory
allocation and slow computation in 3D model, we applied the 2D model to simulate
the fibre propagation modes and dispersion properties.
Select physics
The select physics interface tree can process the results for any engineering field such
as AC/DC, Acoustics, Chemical Species Transport, Fluid Flow, Heat Transfer, Optics,
Structural Mechanics and Mathematics.
Optics tree
The Optics tree in Select Physics are capable to analyse the Wave optics for Electro-
magnetic Waves, Beam Envelopes (ewbe), Electromagnetic Waves, Frequency Domain
(ewfd), Electromagnetic Waves, Time Explicit (teew), Electromagnetic Waves, Tran-
sient (ewt).
Figure B.1. Step by step COMSOL Simulation procedure. This include upto opening the Wave
Optics module to use the Electromagnetic Waves, Frequency Domain (ewfd).
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The wave optics module
The wave optics module is an add on to the COMSOL Multiphysics software, is an
efficient choice for optical modelling. There are features available for modelling opti-
cal systems, such as the material library includes dispersion relations for the refractive











Select the Electromagnetic Waves, Frequency Domain (EWFD) and click the Add
button. The physical interface adds the Electromagnetic Waves, Frequency Domain
(EWFD). The dependent variable is Electric field (E) and electric field components are
Ex, Ey, Ez. The Wave Optics, Electromagnetic Waves, Frequency Domain interface is
used to solve for time-harmonic electromagnetic field distributions.
To continue press the Study. The physics interface supports the study types. General
studies support the Frequency Domain, Eigenfrequency and preset studies for selected
physics interfaces supports the adaptive frequency sweep, Frequency Domain, Modal,
Mode Analysis, Wavelength Domain, and Boundary Mode Analysis.
• The Frequency Domain study type is used for source driven simulations for a
single frequency or a sequence of frequencies.
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• The Eigenfrequency study type is used to find resonance frequencies and their
associated eigenmodes in resonant cavities.
• This physics interface solves the time-harmonic wave equation for the electric
field.
The next step is to add the Frequency Domain in study for electromagnetic wave prop-
agation, it is used to compute the transmission and reflection versus frequency.
The final step before designing the geometry is to push the Done after adding the
selected study and selected Physics Interface and finish the initial setup.
Precise Initial setup: 1. 2D as the space dimension
2–4. Optics⇒ Wave optics ⇒ Electromagnetic Waves, Frequency Domain (ewfd) as
the physics interface⇒ Add
5-6. General Studies⇒ Frequency Domain as for study
7. press Done to finish the initial setup.
B.3.2 Step B: Model builder
Model tree has four nodes such as Global Definitions, Component 1, Study, Results.
1. Global Definitions⇒ Parameters 1 in the model builder.
Inside the Parameters 1, there is a blank table with four headers as Name, ex-
pression, values, and description for constructing our own model. Name assign
variables for the required parameters so that with the modification in Expres-
sion value it may change the geometry model directly. Also, parametric sweep
or optimization process, Name keeps simulation simple. Expression assign the
corresponding parameter value to model. The description gives a clear concept
of the parameters, what it is. The description part is possible to skip. The Param-
eters window of COMSOL with basic parameters setup is shown in Fig. B.2.
2. Component 1 tree occupies five nodes such as Definitions, geometry 1, materi-
als, Electromagnetic Waves, Frequency Domain (ewfd), and Mash 1.
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Figure B.2. Parameters setup in COMSOL simulation. This include Name, expression, values,
and description.
Geometry
1. Right click on the geometry 1 in the Model Builder, provides various pattern
including circular, ellipse, rectangular, square, point, polygon, Bezier polygon,
Boolean and partitions, etc for the geometrical shapes. Selects the required pat-
tern.
2. The Setting window appears at the middle between the Model Builder and
Graphics window to settle the geometry size and shape, position, rotation an-
gle, layers.
3. Also, by clicking the geometry 1 selects the length unit like km, m, µm, nm, etc
for the setting parameter unit setting.
4. Select the Build Selected or Build All Objects to allow the selected pattern or
whole geometry, respectively in the Graphics window.
5. Repeat the steps 1-3 to complete the whole geometry.
Materials
Now, it is the time for assigning the required materials for the completed geometry
pattern.
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1. Right click on the Materials located inside the Component 1 at the Mode Builder
window. Materials offers Add Material from the library which shows the built-
in materials list in the fourth window, or Browse Materials in the new tab, or
Blank Material in the Setting window etc.
2. Select the Blank Material and right click to rename the Material 1 (mat 1) to
specific name for example Zeonex.
3. Repeat the steps 1-2 to deal with more than one material in the geometry and
label the materials name like Zeonex, air.
4. Click the geometry domains from the Graphics window for assigning the mate-
rial. This will also add or subtract the domain in the selection box of the Setting
window. To ensure the correct domain for the correct material, select the Zoom
in/Zoom Box/Zoom to selections/Zoom extents from the Graphics window. In
the Setting window the Geometric Entity Selection can be for All domains or
Manual to select the domain entity.
5. When the material is selected, the Material Contents allows only the real part
and imaginary part of the Refractive index. We have to fill the Values columns
to determine as green marked properties from the Material Properties ⇒ Elec-
tromagnetic Models⇒ refractive Index. A basic diagram, Fig. B.3, showing the
COMSOL window after defining a material.
Electromagnetic Waves, Frequency Domain (EWFD)
The physics interface will again call the Electromagnetic Waves, Frequency Domain
(ewfd) in the Model Builder window.
1. Select the Electromagnetic Waves, Frequency Domain (ewfd) in the Model Builder
window.
2. The corresponding Perfect Electric Conductor 1 will be automatically selected.
Mesh 1
Meshing is discretization part of computing finite element methods to simulate and
analyse the structure numerically. Meshing is one of the most memory-intensive steps
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Figure B.3. Material definition in COMSOL. Showing the COMSOL window after defining a
material.
when it comes to setting up and solving a finite element problem. The error in the
numerical simulation is depend on the mesh size. Therefore, before simulation, we
have to choose an accurate and efficient mesh size to reduce the error.
1. Right click on the Mesh 1, Component 1 at the Mode Builder window to have
the Size.
2. Select the Size under the Mesh 1. Calibrate for the General physics and pre-
defined the mesh size as extremely fine to reduce the computation error. Also,
extremely fine mesh size needs more memory space to compute the simulation.
As with all numerical approximations, the final simulation results are prone to errors.
For the COMSOL multi-physics and mainly for the FEM the errors are likely due to the
mesh size. Large number of mesh elements are highly recommended as they divide the
whole device by a large number of smaller elements (Davidson 2010, Dickinson et al.
2014). Unfortunately, the large number of mesh size requires long computational time
with large memory size and processing power of the machine.
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Figure B.4. Mesh definition in COMSOL. Showing the COMSOL window after defining a custom
mesh.
Results and simulation in COMSOL
After designing the waveguide structure, it is now the final step to simulate the struc-
ture and analyze the mode fields.
There are several steps to follow to get the simulation done. The steps are presented
below-
1. Click on Study 1⇒ Step 1:Mode Analysis.
2. Under Step 1: Mode Analysis need to fill out all the required information in the
Study Settings. This includes Mode analysis frequency, Desired number of
modes, and Search for modes around.
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3. Click on Compute under Study, and this will simulate the structure.
4. After the simulation right click on Derived Values and then click Global Evalu-
ation.
5. To see the mode field pattern click on Electric Field (EWFD) under Results.
In summary, in this Appendix we present the step by step procedure of COMSOL
Multiphysics simulation. In the next Appendix we will present the required MATLAB
coding to obtain the optical properties of 2D materials, graphene and black phospho-
rous. The MATLAB coding for obtaining the the property of an optical fibre from the





This appendix presents MATLAB code for obtaining the plasma and collision fre-
quency of graphene and Black Phosphorous (BP) that are used in Chapter 7, the code
for obtaining optical properties from terahertz experimental data is also presents, these
are used for signal processing in Chapter 2, and Chapter 6.
C.1 Matlab Code for obtaining optical properties of Graphene,
BP, and optical fibre
%%% 1. MATLAB code for obtaining Black phosphorous (BP) plasma frequency
and cut-off frequency
% Md. Saiful Islam
% The University of Adelaide
%%---------------------------------------------------------------------------------------------------
e=1.6e-19;           % the electron charge
Epsilon0=8.854e-14; % dielectric permittivity of classical vacuum
%effective masses
m0=9.1e-35;          % electron mass
mx=0.17*m0;
my=1.12*m0;
kB=1.38e-23;         % the Boltzmann’s constant
T=300;                    % temperature in kelvin
hbar=1.05e-34;       % reduced Planck’s constant
chem=0.3;               % chemical potential
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%plasma frequency along the x and y directions.
PF=wpx+wpy;
%The model must have a thickness t, so N3d=N2d/t, we set t to 1e-6 cm. When the thickness is thin






%%  2. MATLAB code for obtaining graphene plasma frequency and cut-off frequency
%%---------------------------------------------------------------------------------------------------------------------------------












%the scattering rate that is considered 0.1 ps
ta=1.0e-13
% the Boltzmann’s constant
kb=1.38064852e-23;
% reduced Planck’s constant
hb=(6.62606957e-34)/2/pi;
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j=sqrt(-1);
% the electron charge
e= 1.602176565E-19;
% the graphene chemical potential
Uc=0.2;
% chemical potential [ev]
Ef=Uc*e;



















































T=T1(25)-T1(24); % finding interval
Fs=1./T; % finding frequency
Y = fft(R); % taking fft
L= length(R); % number of samples
f1=fft(T1);
%%%%%%%% amplitude of fft%%%%%%%%%%%%%%
P2 = abs(Y./L); 
P1 = P2(1:L./2+1);
P1(2:end-1) = 2*P1(2:end-1);
% %%%%%%%%%%%FFT of reference19%%%%%%%%%%%%%%%%%%%
% https://au.mathworks.com/help/matlab/ref/fft.html
% finding interval
Y19 = fft(R19); % taking fft
L19= length(R19); % number of samples
%%%%%%%% amplitude of fft%%%%%%%%%%%%%%





Yrest = fft(Rrest); % taking fft
Lrest= length(Rrest); % number of samples
Page 226
Appendix C MATLAB Code
%%%%%%%%%%%FFT of sample_45mm%%%%%%%%%%%%%%%%%%%
% https://au.mathworks.com/help/matlab/ref/fft.html
Ys = fft(S); % taking fft
Ls= length(S);
%%%%%%%% amplitude of sample_1 fft%%%%%%%%%%%%%%
P2s = abs(Ys./Ls); 
P1s = P2s(1:Ls./2+1);
P1s(2:end-1) = 2*P1s(2:end-1);
% %%%%%%%%%%%FFT of sample_2_40mm%%%%%%%%%%%%%%%%
% https://au.mathworks.com/help/matlab/ref/fft.html
Ys2 = fft(S2); % taking fft
Ls2= length(S2);
%%%%%%%% amplitude of sample_2 fft%%%%%%%%%%%%%%




Ys3 = fft(S3); % taking fft
Ls3= length(S3);
%%%%%%%% amplitude of sample_3 fft%%%%%%%%%%%%%%




Ys4 = fft(S4); % taking fft
Ls4= length(S4);
%%%%%%%% amplitude of sample_4 fft%%%%%%%%%%%%%%




Ys5 = fft(S5); % taking fft
Ls5= length(S5);
%%%%%%%% amplitude of sample_5 fft%%%%%%%%%%%%%%
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%%%%%%%%%%%%%% Transmission  %%%%%%%%%%%%%%%%%%%%%%%
Trans100 = Ps./P;
Trans40 = Ps2./P19;
Trans19 = Ps4./Prest;   
%%%%%%%%%%%%%% Transmission_sample40  %%%%%%%%%%%%%%%%%%%%
figure;
plot(f,Trans100,f,Trans40_1,f,Trans23,f,Trans19,f,Trans17,'LineWidth',3);
set(gca,'linewidth',2,'FontSize',25,'FontName', 'Times New Roman')
legend('experiment 45mm','experiment 40 mm',  'experiment 23 mm',  
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%%%%%%%%%%%%%% Transmission Loss in dB %%%%%%%%%%%%%%
figure;
plot(f,Loss100,f,Loss40_1,f,Loss23,f,Loss19,f,Loss17,'LineWidth',3);
legend('experiment 45mm','experiment 40 mm',  'experiment 23 mm',  























%%%%%%%%%%%%%Transmission Loss in dB/mm   %%%%%%%%%%%%%%%%%%%
figure;
plot(f,Loss1,f,Loss2,f,Loss4,f,Loss5,f,Loss6,'LineWidth',3);
legend('experiment 45mm','experiment 40 mm',  'experiment 23 mm',  'experiment 
19 mm',  'experiment 17 mm');




%%%%%%%%%%% Absorption coefficient   %%%%%%%%%%%%%%%%%%%%%%
Lossab1 = Loss1./4.343;
Lossab2 = Loss2./4.343;    
Lossab5 = Loss5./4.343;
%%%%%%%%%% Absorption coefficient   %%%%%%%%%%%%%%%%%%%%%%%
figure;
plot(f,Lossab1,f,Lossab2,f,Lossab4,f,Lossab5,f,Lossab6,'LineWidth',3);
set(gca,'linewidth',2,'FontSize',25,'FontName', 'Times New Roman')
legend('experiment 45mm','experiment 40 mm',  'experiment 23 mm',  
'experiment 19 mm',  'experiment 17 mm');
xlabel('Frequency (THz)')
ylabel('Absorption coefficient  (mm^-^1)')
xlim([0.5 4.0])
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%% 4. MATLAB code for dispersion characterization of a terahertz optical fibre.
% Md. Saiful Islam
% The University of Adelaide
%%---------------------------------------------------------------------------------------------------------------
data = 'all ri.xlsx'; %importing the refractive index data
n= xlsread(data); %read the data
a= n(:,2); %selecting column for refractive index
f=n(:,1); % selecting the frequency row
neff1=real(a); %real value of the effective refractive index
w=2*pi*f; %angular frequency
c=3*10^8; %speed of light
disp1=diff(neff1)./diff(w); % differentiating the refractive index values
w1=w(1:length(w)-1);
disp2=diff(disp1)./diff(w1); % second order differentiation
w2=w(1:length(w)-2);







xlabel('Frequency (THz)','FontName','Times New 
Roman','fontweight','b','FontSize',30);






ABBOTT-D., AND ZHANG-X.-C. (2007). Special issue on T-ray imaging, sensing, and retection, Proceed-
ings of the IEEE, 95(8), pp. 1509–1513.
ABDELSALAM-M., MAHMOUD-A. M., AND SWILLAM-M. A. (2019). Polarization independent dielectric
metasurface for infrared beam steering applications, Scientific Reports, 9, Art. No. 10824.
ADEMGIL-H. (2014). Highly sensitive octagonal photonic crystal fiber based sensor, Optik, 125(20),
pp. 6274–6278.
ADEMGIL-H., AND HAXHA-S. (2015). PCF based sensor with high sensitivity, high birefringence and
low confinement losses for liquid analyte sensing applications, Sensors, 15(12), pp. 31833–31842.
ADVANTEST-C. (2021). Terahertz wave spectroscopy and analysis platform,
www.advantest.com/products/terahertzspectroscopic-imaging-systems, Advantest, ac-
cessed 15th May 2021.
AGRAWAL-G. P. (2012). Fiber-optic Communication Systems, Vol. 222, John Wiley & Sons.
AHMED-K., AHMED-F., ROY-S., PAUL-B. K., AKTAR-M. N., VIGNESWARAN-D., AND ISLAM-M. S.
(2019). Refractive index-based blood components sensing in terahertz spectrum, IEEE Sensors Jour-
nal, 19(9), pp. 3368–3375.
AHMED-K., CHOWDHURY-S., PAUL-B. K., ISLAM-M. S., SEN-S., ISLAM-M. I., AND ASADUZZAMAN-S.
(2017a). Ultrahigh birefringence, ultralow material loss porous core single-mode fiber for terahertz
wave guidance, Applied Optics, 56(12), pp. 3477–3483.
AHMED-R., YETISEN-A. K., YUN-S. H., AND BUTT-H. (2017b). Color selectrive holographic retrore-
flector array for sensing applications, Light: Science and Applications, 6(2), Art. No. e16214.
AKO-R. T., LEE-W. S., BHASKARAN-M., SRIRAM-S., AND WITHAYACHUMNANKUL-W. (2019). Broad-
band and wide-angle reflective linear polarization converter for terahertz waves, APL Photon-
ics, 4(9), Art. No. 096104.
AKO-R. T., UPADHYAY-A., WITHAYACHUMNANKUL-W., BHASKARAN-M., AND SRIRAM-S. (2020). Di-
electrics for terahertz metasurfaces: Material selection and fabrication techniques, Advanced Opti-
cal Materials, 8(3), Art. No. 1900750.
AKOWUAH-E. K., GORMAN-T., ADEMGIL-H., HAXHA-S., ROBINSON-G. K., AND OLIVER-J. V. (2012).
Numerical analysis of a photonic crystal fiber for biosensing applications, IEEE Journal of Quan-
tum Electronics, 48(11), pp. 1403–1410.
ALGORRI-J., ZOGRAFOPOULOS-D., FERRARO-A., GARCÍA-CÁMARA-B., BECCHERELLI-R., AND
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The physical constants used in this thesis for generating material properties are in ac-
cordance with the recommendation of the Committee on Data for Science and Technol-
ogy (Mohr et al. 2008).
Name of the constants Symbol Value
Speed of light at vacuum c, c0 2.99792458× 108 m/s
Vacuum permittivity ε 8.854187817× 10−12 F/m
Vacuum permeability (magnetic constant) µ0 4π × 10−12 F/m
Electron charge e 1.6× 10−19 C
Electron mass me 9.1093837015× 10−15 kg
Graphene chemical potential µc 0.1 1.0
Graphene scattering rate τ 0.1 1.0 ps
Boltzmann’s constant kB 1.38064× 10−23 m2kg s−2K−1
Reduced Planck’s constant h̄ = h2π 1.055× 10−34 Js
Zeonex permittivity εz 2.3
Silicon permittivity εs 11.68
Silicon plasma frequency ωps 4.94× 1013 rad·s−1
Silicon collision frequency γs 1.117× 1013 s−1
Gold collision frequency γg 1.23× 1013 s−1
Gold plasma frequency ωpg 1.38× 1016 rad·s−1





ABS acrylonitrile butadiene styrene
ARC australian research council
BIC bound states in the continuum
CL confinement loss
Cu copper
CNC computer numerical controlled
COC cyclic-olefin copolymer
COP cyclo-olefin polymer





ECM equivalent circuit model
EHF extended high frequency
EML effective material loss
EWFD electromagnetic waves, frequency domain
FDM fused deposition modelling
FEM finite element method
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List of abbreviations
FFT fast Fourier transforms
FOM figure of merit
F-P febry perot
FTS fourier transform spectroscopy
FIR far infrared
FWHM full width at half maxima
GA genetic algorithm
GHz gigahertz




HIV human immunodeficiency virus
HRS high resistivity silicon
IC inhibited coupling
ITO indium tin oxide
IR infrared
LOD limit of detection
LSPR localized surface plasmon resonance
MOF microstructured optical fibre
MMA methyl methacrylate
mTIR modified total internal reflection
NA numerical aperture
NDT non-destructive testing
OAM orbital angular momentum
PBG photonic bandgap
PC porous core




PMD polarization mode dispersion







RIU refractive index unit
SEM scanning electron microscope
SiC silicon carbide
SLA stereolithography
SNR signal to noise ratio
SPP surface plasmon polaritons
SPR surface plasmon resonance
SERS surface-enhanced Raman scattering
Teflon tetrafluoroethylene
TE transverse electric




TIR total internal reflection
TPX polymethylpentene
THz terahertz








3D printer filaments, 97






acidic (low pH), 25
Advantest, 17
Advantest TAS7400TS, 16, 100
aluminium (Al), 124
amplitude sensitivity (AS), 119
antiresonant, 9







basic (high pH) NaOH, 25
bending loss, 64
BIC, 172, 173, 187
bio-compatible, 124
biosensing, 136, 137
birefringence, 72, 82, 133
birefringent PCF, 69
BK7, 8, 22




chemical potential, 157, 164
chemical stability, 14
chemical vapor deposition (CVD), 126, 157
coating, 9
computer numerical controlled (CNC) drilling
machine, 48
COMSOL multiphysics, 6, 64, 109





CST microwave studio, 151
deflection angle, 21
derivative thermogravimetric (DTG), 25
diamond suspension, 16
dielectric loss, 20



















Figure of Merit (FOM), 119






Frequency domain solver, 155
FS-300 silica, 22
FTS, 13
full width at half maxima (FWHM), 179
fundamental mode, 31
Fused Deposition Modelling (FDM), 15
gas sensing, 93





graphene, 7, 149, 151, 154, 155
grit sizes, 16





high-speed short-range optical communications,
94
hollow hexagonal-core fibre (HCF), 93
hollow waveguides, 93
Hollow-core, 35, 38, 57
horizontal extruder, 96
indium tin oxide (ITO), 124
internal sensing, 139
kagome, 38, 39, 80
lenses, 27
limit of detection (LOD), 169
lithography technique, 177
localized, 9
localized surface plasmon resonance (LSPR), 107,
108, 137
LOD, 117





metal wire waveguide, 31
metamaterials, 11
metasurface, 7, 9, 151, 153, 154, 161
microstructured optical fibres (MOF), 94
microwaves, 12




non-destructive testing (NDT), 30
nozzle, 51, 98















photonic bandgap (PBG), 87






























refractive index, 13, 20, 21, 67
relative permittivity, 164
resonance, 185







sensitivity, 115, 130, 133
sensor resolution, 133
SERS, 118
signal amplitude and phase, 13
signal to noise ratio (SNR), 18
Silica, 8
silicon, 13, 157, 188














surface plasmon polaritons (SPPs), 153
surface plasmon resonance (SPR), 107, 108, 137
surface plasmon wave (SPW), 137




Teflon, 8, 14, 22
terahertz optical fibres, 35







THz-TDS, 7, 10, 12, 13, 28
time-domain spectroscopy, 77
TIR, 32, 56
titanium nitride (TiN), 124
Topas, 8, 14, 22
total internal reflection effect (TIR), 32
transfer function, 19






transverse electric (TE), 160








visible and infrared, 30
visible to mid-infrared, 106
waveguides, 6
wavelength sensitivity (WS), 108, 119
Zeon corporation, Japan, 16
Zeonex, 8, 14, 22
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